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1 Introduction 
This thesis discusses gas transport and gas retention in low permeability rocks. These are timely processes 
in light of potential applications like (a) caprock sealing above hydrocarbon or CO2 storage reservoirs and 
(b) gas production from unconventional reservoirs such as shale or coal. 
In order to set the scene for the overall applicability of the work summarised here, an overview of the 
current high-level discussion is given which is followed by the integration of the contents of this thesis into 
these high-level scenarios. 
1.1 Organisation of thesis and input of author to individual chapters 
This thesis starts with an introduction, discussing the wider focus area, relating to (enhanced) gas 
production from unconventional gas reservoirs and mudrocks acting as seals for carbon storage. It is further 
separated into two parts: Chapters 2 to 6 focus on natural coal for primary production of coalbed methane 
(CBM), CO2 enhanced CBM production (CO2-ECBM) or geological storage of carbon dioxide. Chapters 7 to 
12 relate to mudrocks and shales mainly as barriers for containment of CO2 in geological stores, in addition 
providing references to shale and tight gas production and CO2 enhanced shale gas production in general. 
All chapters are based on selected published articles by the author in international journals, either as main 
author or as co-author. In the following an overview is provided for each chapter with details of the specific 
contribution by the author: 
In the first part of this thesis, Chapter 2 is based on a review article focusing on gas adsorption of gases and 
water on coal (Busch and Gensterblum, 2011). Main measurement techniques are described to record 
sorption isotherms with reference to error sources. This is followed by a detailed discussion of the interplay 
between water, gas (CO2, CH4) and coal functional groups. Gas sorption properties are discussed as a 
function of coal maturity for CO2 and CH4 with reference to CO2-ECBM and CBM production. Finally, 
sorption kinetics is discussed, as well as the modelling approaches and kinetic parameters (like diffusion 
coefficient). In Chapter 3 sorption parameters of different maturity coals are used to predict gas 
saturations of coals with burial history and is basically based on two previous articles (Gensterblum et al., 
2013; Gensterblum et al., accepted). Sweet-spotting potential are derived for CBM and CO2-ECBM and a 
large dataset for gas adsorption on coal presented. Input of the author was supervision of the underlying 
laboratory and analytical work by the main author, manuscript drafting and detailed discussion of results. 
Chapter 4 contains a detail case study for CBM and CO2-ECBM in the Münster Cretaceous Basin, Germany 
(Kronimus et al., 2008), including geological aspects, limitations and detailed capacity appraisal based on 
laboratory studies. Author’s input was in the overall supervision of this study as well as the detailed 
laboratory work and capacity estimates. Chapter 5 is focusing on a case study for CBM and CO2-ECBM in 
the Paraná Basin, Brazil (Weniger et al., 2010). Based on core samples from a continuous core, intersecting 
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various coal seams and organic-rich shales, sorption relations as a function of clay and organic matter 
content was derived showing that inorganic material has a substantial impact on CO2 sorption capacity of 
natural rocks, as compared to CH4, which is limited. Author’s input was in drafting of manuscript, discussion 
of results and part of the laboratory work. Chapter 6 studies the competitive gas transport of CO2 and CH4 
and flue gases and CO2 in coal core samples (Mazumder et al., 2008). Author’s input was in the drafting of 
the manuscript, detailed data evaluation and discussion as well as the determination of flue gas PVT data 
used in the evaluation. 
Within the second part of this thesis, focusing on mudrock and shale material, Chapter 7 provides a review 
of transport properties and capillary pressures in mudrocks with the aim to derive global equations to 
predict capillarity (Busch and Amann-Hildenbrand, 2013). These are relevant parameters to better 
constrain gas transport in unconventional gas plays but also to better understand sealing lithologies as 
barriers for CO2 storage. Chapter 8 provides an overview on natural leakage pathways for CO2 from 
geological CO2 stores (Busch et al., 2010). Leakage rates and leakage risks by diffusion, capillary-controlled 
flow and through fault systems are evaluated and discussed. Chapter 9 discusses a case study in relation to 
chapter 4, focusing on the sealing lithologies in the Münster Cretaceous Basin (Wollenweber et al., 2010). It 
discusses capillary entry pressures, diffusion coefficients, sorption capacity and mineral reactions for 
carbonate-rich tight sediments. Author’s input to this chapter was supervision of the overall work, support 
in laboratory efforts, and evaluation of data and drafting of manuscript. Chapter 10 discusses shale and clay 
minerals as storage media for CO2 by adsorption in addition to gas diffusion (Busch et al., 2008). It is shown 
how relatively large amounts of CO2 can be immobilised by adsorption on clays. Chapters 11 and 12 build 
on the findings in chapter 10 and investigate clay mineral swelling when exposed to CO2 under varying 
pressures and temperatures (Giesting et al., 2012a, b). While chapter 11 is more concerned with method 
development and the study of CO2 intercalation in Na-rich smectite, showing for the first time that smectite 
is expanding significantly under reservoir CO2 pressure conditions, chapter 12 provides a detailed study of 
CO2-interaction with K and Ca-rich smectite. Author’s input here was on concept and idea development, 
planning of laboratory program and drafting of manuscript, including relevance for geological storage of 
CO2. 
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1.2 Focus area: Carbon capture and storage and unconventional gas production 
1.2.1 Capture and geological storage of carbon dioxide in the light of Global Warming 
Although partly still discussed controversially, global warming is one of the primary concerns of the 21st 
century. The Intergovernmental Panel on Climate Change has shown that atmospheric CO2 levels have risen 
from pre-industrial levels of 280 ppm to 387 ppm in 2005 (and even close to 400 ppm in 2013; CO2Now, 
2013), with current growth rates of ~1.9 ppm/year (IPCC, 2007). The increase in atmospheric CO2 levels is 
attributed to the ongoing and further increasing (~3% increase/year, Le Quere et al., 2012) burning of fossil 
fuels such as coal, oil and natural gas and is illustrated in Figure 1-1. A recently published report by the 
International Energy Agency (IEA, 2013) shows an increase in global carbon emissions in 2012 up by 1.4% 
compared to 2011. This is the highest value ever reported. 
 
Figure 1-1. Growth rates in annual carbon emissions from 1990 to 2011/2012 (after Le Quere et al., 2012). 
This increase in emission is attributed to developing countries (mainly China and India) as illustrated in 
Table 1-1. While the developed countries reduced emissions in 2011 by 0.7%, compared to the previous 
year, those in the developing countries have increased by 6.5% compared to 2010. This results in a global 
growth of 3% as outlined above. 
In order to counteract rising global CO2 emissions many scenarios and future projects have been published, 
proposed and presented while the common agreement is to keep the global temperature increase to a limit 
of 2°C compared to pre-industrial values. 
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Table 1-1. Per capita and total emission as well as emission growth for the year 2011. Data given in PgC (= 
Pentagram Carbon = billion metric tonne or 1015 g). Data from Global Carbon Project, 2012; Peters et al., 
2012. 
Region/Country  Per capita emissions 
(tonnes C/p) 
Total emissions  
(PgC*, % of 
global) 
Emissions growth  
(PgC*/yr, %/yr) 
     
Global  1.4 9.5 0.28 (3.0%) 
 Developed Countries (selected) 
Total 3.0 3.6 (40%) -0.026 (-0.7%) 
USA 4.7 1.5 (16%) -0.028 (-1.8%) 
EU27  2.0 1.0 (11%) -0.029 (-2.8%) 
Russian Federation  3.2 0.46 (5.1%) 0.013 (2.9%) 
Japan  2.6 0.32 (3.6%) 0.001 (0.4%) 
Germany  2.5 0.20 (2.2%) -0.008 (-3.6%) 
 Developing Countries (selected) 
Total 0.9 5.4 (60%) 0.329 (6.5%) 
China  1.8 2.5 (28%) 0.226 (9.9%) 
India  0.5 0.62 (6.8%) 0.043 (7.5%) 
Iran  2.3 0.17 (1.9%) 0.003 (1.9%) 
South Korea  3.3 0.16 (1.7%) 0.006 (3.7%) 
South Africa  2.8 0.14 (1.6%) 0.002 (1.5%) 
* PgC= Pentagram Carbon = billion metric tonne or 1015 g 
 
There are various ways to reduce carbon emissions by increasing: 
• renewable energies 
• further shift in energy production to natural gas 
• biofuels 
• nuclear energy 
• carbon capture and storage 
Or energy conservation and increasing efficiency: 
• increase in mass transportation 
• more efficient road transportation 
• energy efficiency of buildings 
• low-energy appliances 
• or simply doing things differently 
One example of how these technologies can help reducing global carbon missions until 2050 is presented 
by the International Energy Agency (IEA, 2010, Figure 1-2). The figure projects that by 2050 carbon capture 
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and storage (CCS) could account for 19% of the emission reduction. In this projection total amounts to be 
stored would be ~8 Gt annually. Whatever the solution will be in 2050 or 2100, CCS has the potential to 
play an important role in the short to medium term. 
 
Figure 1-2. Key technologies for reducing CO2 emissions to arrive at annual emissions of 14 Gt CO2 in 2050, 
corresponding to a global 2 degree temperature rise as compared to pre-industrial levels (Source: IEA, 
2010). 
What is CO2 capture and storage in some more detail? The key principles of the full chain – carbon capture, 
transport and storage in deep geological formations – is summarized in the special IPCC report on CCS 
(IPCC, 2005) and the reader is referred to this literature source especially for more details on capture and 
transport. An overview on the CCS supply chain is given in Figure 1-3. 
For carbon storage several options are considered to move into and industrial stage that are deep saline 
aquifers, depleted hydrocarbon reservoirs and potentially deep unminable coal seams (Figure 1-4). A 
comprehensive summary of geological carbon storage is given by Bickle, 2009. 
For pore-space storage several trapping mechanisms are considered: hydrodynamic, dissolution, mineral 
and capillary trapping (Pentland, 2010). Hydrodynamic (or structural) trapping is well understood from the 
oil and gas industry as it is the primary mechanism through which hydrocarbons accumulate in the 
subsurface. Accumulation occurs below a caprock due to migration caused by density differences 
(buoyancy) between the hydrocarbons and the host brine (e.g. Bachu et al., 1994). Carbon dioxide 
dissolved in water can be safely stored in the geological formation and this is known as solubility trapping. 
The CO2 saturated brine is denser than the surrounding brine resulting in convective mixing (e.g. Lindeberg, 
1997). The denser CO2 saturated brine migrates deeper into the formation and slowly dilutes through 
contact with unsaturated brine at depth. This process is important as it is typically orders of magnitude 
faster than pure diffusion. It is estimated to begin anywhere between one year and hundreds of years after 
CO2 injection, depending upon formation permeability (pure diffusion may take up to tens of thousands of 
years, e.g. Ennis-King and Paterson, 2005).  
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Figure 1-3. Graphical representation of the three parts of the supply chain for CCS (from IEAGHG, 2012). 
Mineral trapping is also an important mechanism, although it occurs over longer timescales than other 
trapping methods. As CO2 dissolves in formation brine carbonic acid forms (H2CO3). This acid is unstable and 
dissociates. The species formed react with the host rock and brine over long periods of time, generally tens 
of hundreds of years. If the reactions result in carbonate minerals being precipitated then CO2 is trapped 
permanently in the subsurface (e.g. Gunter et al., 1997; Gunter, 1993). The next trapping mechanism 
involves CO2 being trapped as immobile pore scale bubbles surrounded by brine. This is known as capillary 
trapping and relies upon displacement hysteresis and the capillary pressure characteristics of the CO2-brine 
system. Importantly it can occur over shorter time frames than the other trapping mechanisms and is 
proven. In oil fields a considerable quantity of the oil originally in place is not produced as it has been 
trapped and rendered immobile in the pore space through the imbibition process of water flooding. The 
combination of effective well characterised trapping on a short time scale makes capillary trapping 
important for CCS (e.g. Pentland, 2010).  
When considering coal as a medium to store CO2, physical adsorption is considered as the primary trapping 
process (e.g. Busch and Gensterblum, 2011). Physical adsorption was also found to be an important process 
in sandstones where clay minerals are present (Busch et al., 2008). This topic is however still under 
investigation. 
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Figure 1-4. The full chain of carbon capture and storage. Storage options with large potentials considered 
are (i) saline aquifers, (ii) depleted oils and gas fields and (iii) unminable coal seams. Illustration from 
Scottish Carbon Capture and Storage, 2013. 
After having summarized storage mechanisms, we will briefly summarize global capacities in the following. 
Figure 1-5 and Table 1-2 show these capacities which should be treated as theoretical capacities that need 
to be matched against operational or realistic capacities following source-sink matching. Global CO2 storage 
capacities are estimated in the order of up to 10,000 Gt (Table 1-2, Dooley et al., 2006; IEA; IPCC, 2005) and 
will allow storage of global carbon emissions for 200-300 years. 
 
Figure 1-5. CO2 storage capacities by region (Dooley et al., 2006). 
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Table 1-2. Global CO2 storage capacities in Gt CO2. 
 Dooley et al., 2006 IPCC, 2005 IEA 
deep saline formations 9,500 1,000 - ~10,000 400 - 10,000 
depleted oil and gas reservoirs 820 675 - 900 920 
unminable coal seams 140 3 - 200 >15 
Having discussed theoretical capacities it seems reasonable to document how these relate to the current 
injection rates and ongoing projects. There is a large discrepancy between these theoretical capacities and 
current injection rates as can be obtained from the Global CCS Institute (Global CCS Institute, 2013) and 
which is summarized in Table 1-3. It can be seen that for industrial operations (neglecting smaller scale 
demonstration or research projects) there are only six projects worldwide (neglecting enhanced oil 
production operations). Of these six projects only three are in the operate phase and three more in the 
execute phase, meaning they have passed the phase of final investment decision. In summary these 
projects will reduce global emissions by about 8 Mt annually as compared to the ~35 Gt emitted each year 
(factor factor 4400). 
Table 1-3. Industrial geological CO2 storage projects worldwide, either in the operate or execute phase. Data 
from Global CCS Institute, 2013. 
Project 
In Salah CO2 
Storage 
Sleipner CO2 
Injection 
Snøhvit CO2 
Injection 
Gorgon CO2 
Injection 
Project 
Illinois 
Industrial 
CCS Project 
Quest 
Region Africa Europe Europe 
Australia/New 
Zealand 
United 
States 
Canada 
Stage Operate Operate Operate Execute Execute Execute 
Status Active Active Active Active Active Active 
Capture 
Type 
Pre-
Combustion 
(incl. Gas 
Processing) 
Pre-
Combustion 
(incl. Gas 
Processing) 
Pre-
Combustion 
(incl. Gas 
Processing) 
Pre-
Combustion 
(incl. Gas 
Processing) 
Industrial 
Separation 
Pre-
Combustion 
(incl. Gas 
Processing) 
Transport 
Type 
Pipeline 
Direct 
injection 
Pipeline Pipeline Pipeline Pipeline 
Transport 
Details 
Onshore to 
onshore 
pipeline 14 
km 
Direct 
injection 
Onshore to 
offshore 
pipeline 152 
km 
7 km Onshore 
to onshore 
pipeline 
Onshore to 
onshore 
pipeline 1.6 
km 
Onshore to 
onshore 
pipeline 84 
km 
Storage 
Details 
Onshore 
Saline 
Aquifer 
Offshore 
Saline 
Aquifer 
Offshore 
Saline 
Aquifer 
Onshore Saline 
Aquifer 
Onshore 
Saline 
Aquifer 
Onshore 
Saline 
Aquifer 
Annual 
Storage 
(MM tons) 
~1 ~1 ~0.7 3.4-4 ~1 ~1,2 
Storage 
Depth (m) 
2000 800 2600 2300 2100 2000 
Industry 
Natural Gas 
Processing 
Natural Gas 
Processing 
Natural Gas 
Processing 
Natural Gas 
Processing 
Chemical 
Production 
Hydrogen 
Production 
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1.2.2 (Enhanced) gas production from unconventional reservoirs 
Unconventional natural gas is a hydrocarbon type that is stored either in the free or in the adsorbed phase 
of low-permeability rocks (tight sandstone, shale, coal). In order to produce this gas stimulation techniques 
usually need to be applied by hydro-fracturing the rock for increased accessibility. This hydro-fracturing 
(fraccing) has raised many debates all over the world in terms of pollution of drinking water by co-injected 
chemicals.  
In this thesis we solely focus on the rock types where gas is stored primarily by adsorption (gas shale, coal). 
1.2.2.1 Gas Shale  
Gas shales usually have high total organic carbon (TOC) contents of up to 30% and the mineralogy does not 
necessarily need to consist of the mineral mix typical for shales: many of these shales can be rich in 
carbonate or quartz and would be classified as marlstone or silty mudrock (e.g. Littke et al., 2011b). It is a 
typical feature of gas shales that they act as source rock as well as reservoir rock. Gas shales are of very low 
permeability (usually in the order of nD to µD, 10-21 to 10-18 m2, e.g. Amann-Hildenbrand et al., 2012; Busch 
and Amann-Hildenbrand, 2013) and gas production from such reservoirs would either require low 
production rates or high costs by drilling sufficient wells. To overcome this problem and by using more 
advanced drilling technology, horizontal wells are drilled into the gas shale reservoirs. Once drilled, certain 
sections of the well get isolated and large quantities of water (including some sand and chemicals) are 
pumped into these sections at high pressures. This results in the creation of fractures into the shale 
formation, perpendicular to the well. The co-injected sand (or any other proppant) has the purpose to keep 
the fractures open after pressure is released; while the chemicals help to reduce bacterial growth, lower 
fracture pressure and increase fracture propagation, decrease corrosion of equipment, reduce pumping 
friction, etc. 
A schematic of shale gas extraction from deep reservoirs is shown in Figure 1-6. It is assumed that hydro-
fractures will not reach vertically from several kilometres depth (where the reservoirs are) to a few 
hundred meters depth (where the drinking water horizons are) (Davies et al., 2012). As indicated in Figure 
1-6, a risk of contaminating drinking water horizons is when the fraccing fluid is back produced and gets in 
touch with these reservoirs at shallow depth. 
1. Introduction 
15 | P a g e  
 
Figure 1-6. Concept of fracturing and producing shale gas and possible environmental hazards(from IEA 
(International Energy Agency), 2012 after Aldhous, 2012). 
Once accessibility to the shale matrix is increased, gas will migrate from the shale matrix through the 
fractures into the production well upon pressure decrease by pumping. Gas flow to the fractures is driven 
by diffusion through the water-filled pore space (depending on water-saturation) or permeability and 
besides gas being stored in the pore system as free gas, large amounts are adsorbed to organic matter in 
the shale or event to clay mineral surfaces.  
 
Figure 1-7. Gas shale bearing basins in Europe (from Boyer et al., 2011 after Kuuskraa et al., 2011). 
Where can shale gas be found? Figure 1-8 shows assessed worldwide sedimentary basins where resources 
re partly estimated. This is especially the case for Europe, North and South America, Australia, China, India, 
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South Africa and some regions in the North of Africa. The most prominent examples are certainly the huge 
shale gas bearing formation in the USA (e.g. Marcellus, Eagle Ford, and Barnett). An overview of the shale 
gas bearing basins in Europe is given in Figure 1-7. As a result, Table 1-4 shows worldwide gas 
consumptions in comparison to natural gas resources and technically recoverable shale gas resources. It 
becomes clear that in many countries (especially USA, South Africa, Argentina, Mexico, Canada, China, and 
Australia) the shale gas potential is huge and exceeds the conventional gas resources drastically. 
Nevertheless large development costs are expected for these resources that will depend on the global oil 
and gas price. Strict regulations will be applied to shale gas exploration and production in many parts of the 
world that will make its production even more complicated (e.g. European Union) and a broad refusal of 
the public, as can be seen all over Europe at the moment, will certainly not help to develop these 
resources. 
 
Figure 1-8. Sedimentary basins worldwide with assessed or un-assessed shale gas potential (source: US 
DOE/EIA, 2011). 
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Table 1-4. Estimated shale gas resources for select basins that are technically recoverable, compared to 
existing reported reserves, production and consumption during 2009 (data from US DOE/EIA, 2011). 
 2009 Natural Gas Market (billion m3) Proved 
natural gas 
resources 
(billion m3) 
Technically 
recoverable shale 
gas resources 
(billion m3) 
 
Production Consumption Imports 
(Exports) 
  
Europe      
France 0.8 49.0 98% 6 5,097 
Germany 14.4 92.6 84% 176 227 
Netherlands 79.0 48.7 (62%) 1,388 481 
Norway 103.4 4.5 (2,166%) 2,039 2,350 
U.K. 59.2 88.1 33% 255 566 
Denmark 8.5 4.5 (91%) 59 651 
Sweden - 1.1 100%  1,161 
Poland 5.9 16.4 64% 164 5,295 
Turkey 0.8 35.1 98% 6 425 
Ukraine 20.4 44.2 54% 1,104 1,189 
Lithuania - 2.8 100%  113 
Others 13.6 26.9 49% 77 538 
North America      
USA 583.3 645.6 10% 7,716 24,409 
Canada 159.4 645.6 (87%) 1,756 10,987 
Mexico 50.1 60.9 18% 340 19,284 
Asia      
China 83.0 87.2 5% 3,030 36,104 
India 40.5 53.0 24% 1,073 1,784 
Pakistan 38.5 38.2 - 841 1444 
Australia 47.3 30.9 (52%) 3,115 11,270 
Africa      
South Africa 2.0 5.4 63% - 13,734 
Libya 18.7 5.9 (165%) 1,549 8,212 
Tunisia 3.7 4.8 26% 65 510 
Algeria 81.6 28.9 (183%) 4,502 6,541 
Morocco 0.0 0.6 90% 3 311 
Western Sahara - -  - 198 
Mauretania - -  28 0 
South America      
Venezuela 18.4 20.1 9% 5,066 311 
Colombia 10.5 8.8 (21%) 113 538 
Argentina 41.3 45.9 4% 379 21,917 
Brazil 10.2 18.7 45% 365 6,400 
Chile 1.4 2.8 52% 99 1,812 
Uruguay - 0.0 100%  595 
Paraguay - -   1,756 
Bolivia 12.7 2.8 (346%) 750 1,359 
Total above areas 1,787 1,869 (3%) 36,076 183,861 
Total world 3075 3021 0% 187  
1.2.2.2 Coalbed Methane and Enhanced Coalbed Methane 
Coalbed methane (CBM) production from coal seams is a known technology and operations take place 
since many years, mainly in the USA but also in Australia and some parts of Europe. An example to the 
continuous increase in CBM production in the US is shown in Similar to gas shales, coal acts as both, source 
rock and reservoir where during coalification huge amounts of gas (CO2, N2, CH4) are produced and stored 
in the coal microporous system by adsorption. Coals usually consist of >50% TOC (e.g. Littke et al., 2011b) 
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and are found all over the world (Figure 1-10) and through different geological time scales. Different to the 
gas shales, coalbeds usually provide a well-developed natural cleat (fracture) system (e.g. Laubach, 1998) 
that allows production of gas at higher rates, assuming permeabilities in the order of mD (10-15 m2) 
compared to the gas shale permeabilities that can be several orders of magnitude lower than that. A 
comprehensive review of the major aspects relevant for CBM is provided by Moore, 2012. 
 
Figure 1-9. CBM production in the US between 1989 and 2010 in billion cubic meters (Gm3). Data from US 
Energy Information Administration (EIA, 2013). 
Figure 1-11 schematically illustrates CBM production. Here, and especially in shallow CBM reservoirs of few 
100 meters only, vertical wells are used for gas production, making use of the natural fracture system of 
the coals. Maximum depth of CBM production is usually around 1000 m, while it can be debated if this is 
still economic or only technically feasible. Major production in USA and Australia takes place at depth down 
to about 500 m. 
 
Figure 1-10. Coal basins worldwide (van Krevelen, 1993). 
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Figure 1-11. Concept of producing coal bed methane (CBM) environmental hazards(from IEA (International 
Energy Agency), 2012 after Aldhous, 2012). 
In the past many research activities were dealing with the option of enhancing CBM production by injecting 
CO2 or N2 (see White et al., 2005 for a review). The promise of combining subsurface storage of CO2 and at 
the same time increasing natural gas production led to large national research programs in the USA, 
Australia and Europe with the outcome of a hand full of demonstration projects in the last few years (e.g. 
Poland, Japan, China, and Canada, s. e.g. Busch and Gensterblum, 2011 for a summary) and only one 
commercial field operation in the San Juan Basin of the USA (Erickson and Jensen, 2001). 
The principle is relatively simple: Methane is bound to the coal microporous surface by weak physical 
interaction forces (adsorption). Upon an increase in temperature or decrease in pressure, there is an 
increased tendency for the methane to return to the gas phase. Introducing CO2 to the system, which has a 
higher affinity to interact with the coal surface, will further increase the ratio of methane in the gas, 
compared to the adsorbed phase and more methane can be produced. The adsorption ratio between CO2 
and methane can be high for low rank coal with factors up to 10 but is usually around 2 for higher mature 
coals (Busch and Gensterblum, 2011). 
One major problem with this technology is, besides possible dilution of the produced natural gas with CO2 
that carbon dioxide swells the coal and, hence reduces permeability considerably, resulting in limited 
production rates (e.g. van Bergen et al., 2009b). 
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1.3 How does this thesis relate to geological storage of carbon dioxide and gas 
production from unconventional reservoirs? 
This thesis combines some of the articles published by the author during the last ~8 years. This combined 
work mainly addresses gas transport and retention in shale and coal. With application to geological storage 
of CO2 the main focus was on sealing integrity of fine-grained, low-permeability rocks above CO2 storage 
reservoirs. There are many potential pathways for injected CO2 to escape from such reservoirs, like along 
wells, faults or fracture systems or by diffusion or as viscous flow through the pore network of the seal. It is 
of great importance to locate and quantify these leakage processes for de-risking CO2 storage and provide 
input for conceptualising a monitoring system for such storage sites. 
An overview of leakage mechanisms through faults and intact caprock is provided (Busch et al., 2010) and 
the time scales of diffusive and viscous flow of CO2 through the intact caprock are provided. In addition it is 
shown from natural analogue systems what potential leakage rates could be. In an earlier study, Busch et 
al., 2008 and Wollenweber et al., 2010 showed that for a realistic caprock effective diffusion coefficients 
through the water-saturated pore space ranges in the order 10-10 to 10-11 m2/s which is recalculated in the 
order of centimetres per year of travel distance through the caprock. In the same study it was shown that 
caprocks containing large quantities of clay minerals can serve as a sink for CO2 by physically adsorbing the 
gas on the large surface area of the clay minerals. This was shown on real shale material but also on 
standard clay minerals like illite, montmorillonite and kaolinite and a rather novel finding with expected 
implications to the physical adsorption capacity of CO2 in reservoir rocks. In a follow-up study (Weniger et 
al., 2010) it was shown that for rocks from the same coal-bearing basin (Parana, Brazil) the methane 
sorption capacity mainly depends on the organic matter content of the rocks while a significant portion of 
the CO2 sorption capacity can be attributed to the inorganic material in these sediments, namely clay 
minerals.  
Wollenweber et al., 2010 studied capillary entry pressures and sorption potential of two potential caprock 
samples (one carbonate, one clay-rich marlstone) of the Cretaceous Münster Basin in Germany. Results 
showed that while sorption capacity for the relatively pure carbonate is rather low, it is quite significant for 
the marlstone with a clay content of ~30%. While CO2 sorption capacity on clay minerals is confirmed, 
within the work by the author of this thesis but also by other studies (e.g. Rother et al., in press), it was 
shown in a cooperation with University of Illinois, Chicago that clay minerals swell on contact with CO2 
(Giesting et al., 2012a, b). Swelling strain on clay powders can be up to about 15% under hydrostatic stress 
conditions, as observed from high temperature/pressure X-ray diffraction. This is verified by investigating 
clay and shale aggregates in an optical cell (de Jong et al., submitted, not shown here). Finally, swelling 
pressures of clays in contact with CO2 in the order of 10 MPa have been observed in a follow-up study by de 
Jong under uniaxial stress conditions representative to reservoir conditions at 1.5 to 2.5 km depth (de Jong 
et al., in preparation, not shown here). 
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A major effort was invested in the understanding of capillary pressures in the system water/CO2/rock by 
studying the methods (Busch and Müller, 2011) used for determining capillary entry pressures but also for 
the magnitude of these pressures and the implications on storage integrity (Amann-Hildenbrand et al., in 
press; Amann et al., 2011; Wollenweber et al., 2010). Several fundamental and case studies were 
undertaken on different caprock material (marlstones, carbonates, mudrocks, tight rocks, etc.) to improve 
the general understanding and to provide datasets for empirical correlations. A review of this data was 
performed, including more than 200 datasets performed on mainly mudrocks but also higher permeability 
rocks to cover a broad permeability range. The main focus was on the possible prediction of difficult to 
determine parameters like capillary pressures on shales from parameters that are easier to obtain, like 
porosity, permeability or mineralogy (Busch and Amann-Hildenbrand, 2013). This is an important topic 
since capillary failure is an often occurring process in geological reservoirs (e.g. gas chimneys are 
considered to evolve from this, Cathles et al., 2010) and will determine storage capacity as well as storage 
safety. 
In order to understand gas storage capacities and mechanisms as well as gas transport from and into 
unconventional gas reservoirs (specifically coal and shale) in much greater detail, significantly more 
research effort is needed. This thesis addresses some of these processes, especially related to primary and 
enhanced (by CO2 injection) production of coalbed methane. 
This study addresses mainly adsorption characteristics and the transfer of those sedimentary basins. 
Transport processes in coals have intentionally been excluded from this thesis (e.g. Han et al., 2010a; Han 
et al., 2010b) to keep the focus on adsorption properties. 
Gas adsorption (both capacity and kinetics) on coal has been covered within several articles by the author 
during the PhD thesis (Busch et al., 2003a; Busch et al., 2004a; Busch et al., 2006; Busch et al., 2003b; Busch 
et al., 2004b; Busch et al., 2003c) which was followed by several more articles after PhD (Busch et al., 2007; 
Gensterblum et al., submitted; Gensterblum et al., 2010; Gensterblum et al., 2009; Goodman et al., 2007b; 
Goodman et al., 2004; Han et al., 2013; Hildenbrand et al., 2006; Li et al., 2010; Mazumder et al., 2006; 
Siemons and Busch, 2007). All these studies have been combined in addition to data published by other 
authors in a review article (Busch and Gensterblum, 2011) discussing the various methods to determine gas 
sorption isotherms on coal, the competing interactions between gas (CO2, CH4) and water and global 
correlations with coal maturity. The purpose of this study was to improve the general understanding of gas 
and water interaction with the coal microporous surface in order to better predict gas adsorption and 
exchange processes as well as the kinetics involved. 
In addition to this attempt several case studies have been performed related to the evolution of CO2 and 
CH4 sorption capacity as a function of burial history (Hildenbrand et al., 2006 for the Campine Basin, 
Belgium) and a more generic study discussing the effect of coal maturity on the gas sorption evolution 
through geological time frames (Gensterblum et al., accepted) Both studies aimed at predicting best suited 
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coalification windows and burial depth to either extract primary methane or to enhance the production by 
CO2 co-injection. Also, the conceptual approach is well suitable to be integrated in dynamic basin 
modelling. 
One further case study (Kronimus et al., 2008) is dealing with the specific estimation of CO2 storage and 
methane production amounts within the German Cretaceous Münster Basin that was already used as a 
case study to investigate caprock seal integrity by Wollenweber et al., 2010. 
With regard to unconventional gas production from gas shales the systematic of capillarity and 
permeability have been investigated in order to predict difficult to obtain parameters from more easy ones 
(Busch and Amann-Hildenbrand, 2013). This study was using a large dataset of mudrocks with typical 
parameters like permeability, porosity, specific surface area, mineralogy and capillary breakthrough and 
snap-off pressures. 
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2 CBM and CO2-ECBM related sorption processes in coal: A review 
2.1 Introduction 
The technical development of coalbed methane (CBM) and secondary CO2 enhanced CBM (CO2-ECBM) 
production and CO2 storage in and from coal seams requires detailed and reliable information on fluid 
transport and gas sorption as well as their inter-dependent interaction. An improved understanding of 
these processes from the macroscopic to the microscopic scale is important for the accurate prediction of 
gas and water production rates as well as CO2 injection rates. The mechanisms of storage and transport of 
gas and water in coal differ significantly from conventional gas reservoirs. Commonly, gas transport in coal 
is considered to occur at two scales (Figure 2-1): (I) laminar flow through the cleat system, and (II) diffusion 
and sorption in the coal matrix. Flow through the cleat system is pressure-driven and may be described 
using Darcy’s law, whereas flow through the matrix is assumed to be concentration-driven and is modelled 
using Fick’s law of diffusion. Gas storage by physical sorption occurs mainly in the coal matrix (e.g. 
Harpalani and Chen, 1997). 
Various articles address laboratory or field research performed in the context of primary coalbed methane 
(CBM) or secondary CO2 enhanced CBM (CO2-ECBM) recovery and reviews are provided by e.g. Moore, 
submitted; White et al., 2005.  
There are many factors that need to be addressed when attempting to understand the complexity of the 
interaction of CH4, CO2 and water with coal in the cleat system and the coal matrix, and research has 
diversified substantially, especially since CO2 storage in coal is considered as a potential way of 
permanently immobilizing CO2 in the sub-surface.  
Coalbed methane recovery projects are currently developed commercially all over the world with a main 
focus on countries like Australia, China and the United States, and exploration is ongoing in many further 
regions in e.g. Europe, Ukraine, or Indonesia. One of the first CO2-ECBM micro-pilot field tests was set up in 
Alberta, Canada (Gunter et al., 2004) which was similarly performed in China some years later (Wong et al., 
2007). One operation with a two-well test setting was carried out in Japan (Ohga et al., 2006; Yamaguchi et 
al., 2004). The only large-scale ECBM field pilot using CO2 injection was operated in the San Juan Basin in 
New Mexico, United States (Erickson and Jensen, 2001; Reeves et al., 2003). Finally a two-well 
demonstration test was performed in the Upper Silesian Basin, Poland within the RECOPOL1 and 
MOVECBM2 projects funded by the European Union (van Bergen et al., 2006). 
                                                            
 
1
 http://recopol.nitg.tno.nl/ 
2
 www.movecbm.eu 
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To predict a CBM production profiles either during primary or secondary production, aspects like coal 
permeability and porosity, density, ash and moisture content, initial gas-in-place (GIP) (from canister 
desorption tests), gas sorption capacity from laboratory isotherms (to obtain gas saturations and 
desorption pressure), gas diffusivities, coal volumetrics (thickness and areal extent) or thermodynamic 
properties (e.g. viscosity, equation of state) of the fluids involved need to be understood as a minimum 
requirement. When dealing with CO2-ECBM selective adsorption, counter diffusion in the coal matrix, or 
coal shrinkage and swelling (from CH4 desorption and CO2 adsorption, respectively) need to be investigated 
in addition to the parameters above. 
During CO2-ECBM processes, the areal distribution of the CO2 injected is accomplished by flow through the 
cleat network. When CO2 is entering the coal matrix by a combined sorption/diffusion process it will sorb to 
the coal inner surface and at the same time replace part of the CH4. This replacement occurs either by a 
reduction in the CH4 partial pressure or by a higher selective sorption of CO2 over CH4. Because of a 
concentration gradient between CH4 in the matrix compared to the cleat system, CH4 diffuses from the coal 
matrix into the cleat system where, by pressure drawdown towards a production well, it can be produced 
(Figure 2-1). 
 
Figure 2-1: Illustration showing coal matrix blocks and cleat system of a coal. 
In this context this review summarizes gas (CO2, CH4) and water sorption on coal and specifically addresses 
the following topics: 
• The most common experimental setups for determining gas and water sorption on coal (or other 
microporous materials), its differences and experimental uncertainties. Further the modelling of 
sorption isotherms and the problems of calculating absolute from excess sorption is addressed. 
• CO2 and CH4 sorption on natural coals and its dependence on coal specific parameters like coal 
rank, maceral composition or ash content. 
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• Water sorption on coal, its dependence on coal properties like rank and coal chemistry and gas 
sorption in the presence of water. 
• Findings related to sorption kinetic data obtained from the pressure decline versus time plots of 
individual sorption steps. The different model assumptions are introduced, sorption rates are 
compared for different moisture contents, coal rank and differences between CO2 and CH4 sorption 
rates are defined. 
• Concluding remarks and recommendations for future research to better understand gas/water/coal 
interaction. 
In this review we do not cover the following issues due to insufficient data published and because we aim 
at providing a focused and consistent paper addressing the issues above: 
• Sorption of any other gases than CO2 and CH4 since (i) we want this paper to specifically address 
sorption related to CO2-ECBM or CBM recovery and (ii) only limited datasets are available on the 
sorption of e.g. N2 or flue gas mixtures with additional co-contaminants like e.g. H2, CO, O2, or SO2.  
• Gas sorption from gas mixtures. Although there are studies available dealing with binary CO2/CH4 
and CO2/N2 or ternary CO2/CH4/N2 gas mixtures, data is limited and the experimental techniques 
still rather pre-mature. Some work has been published however (e.g. Busch et al., 2003a, 2007; 
Busch et al., 2006; Fitzgerald et al., 2005; Pini et al., 2010). 
• A detailed review of the various models available for fitting sorption isotherms. A summary on this 
can be retrieved from textbooks dealing with gas sorption or from dedicated journals dealing with 
microporous sorbents in a more general manner. 
Although investigated in detail lately we also do not cover coal swelling in this study. Authors are aware 
that coal swelling is an important mechanism affecting gas sorption on coal and the interpretation of 
sorption isotherms. There are several studies dealing with experimental (e.g. Battistutta et al., 2010; Day et 
al., 2008b; Karacan, 2003, 2007; Kelemen, 2006; Mazumder et al., 2005; Mazumder and Wolf, 2008; 
Reucroft, 1986; van Bergen et al., 2009b) and theoretical (e.g. Palmer and Mansoori, 1998; Pan and 
Connell, 2007; Vandamme et al., 2010) aspects of this phenomenon. 
2.2 Adsorption methods 
Sorption processes are subdivided, according to the energies of interaction involved, into chemical 
(chemisorption) and physical sorption (physisorption). In chemisorption, the sorbate is bound to specific 
sorption sites on the solid surface by electron transfer or electron sharing which makes this process highly 
specific compared to physisorption which is nonspecific. Chemisorption typically involves monolayer while 
physisorption can involve either monolayer or multilayer surface coverage (Karge et al., 2008). 
Physisorption occurs via van der Waals forces, i.e. attraction due to permanent and/or induced dipoles 
between the sorbate molecules and the atoms composing the sorbent surface. The enthalpy of 
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physisorption is not much larger than the enthalpy of condensation of the sorbate and considered to be 1.0 
to 1.5 times the latent heat of evaporation (compared to chemisorption where the enthalpy is >1.5 times 
the heat of evaporation) (Karge et al., 2008).  
Physisorption, in contrast to chemisorption, is distinguished by only minor changes in the sorbate and 
sorbent. The sorbent remains unaltered until relaxation of the substrate lattice occurs. Further the 
bondings in the sorbate are changed, which becomes apparent through a modified oscillation frequency 
(measurable by FTIR- or Raman spectroscopy). Physical adsorption is a reversible process, because there is 
no covalent bond between the sorbate molecules and the solid surface. It is most likely that adsorption 
occurs as a monolayer at low pressures and as multilayers at higher pressures, depending on the type of 
sorbent and the sorbate investigated.  
The investigation of sorption and desorption of microporous materials (in this case natural coal) can be 
subdivided into two main areas: (a) measurements at low pressures that are typically in the range of the 
vapour pressure of the sorptive gas and (b) measurements at high pressures where the gas species is 
usually above its supercritical pressure. Low pressure sorption measurements are used for determining 
structural parameters, like e.g. pore size distribution or specific surface areas and micro- or mesopore 
volumes. In high-pressure experiments the sorption capacity of gases on natural coals is determined. Low-
pressure sorption is not covered in this study; this topic would be subject of an overview article of its own. 
2.2.1 Methods to determine gas sorption 
For the determination of high-pressure gas sorption isotherms of coals two different techniques are 
commonly used. The techniques differ in terms of the physical parameters used to determine the 
isotherms: (1) The manometric/volumetric method requires very accurate determination of cell and void 
volumes. Here the amount of gas sorbed is recorded by pressure readings (manometric method) or 
pressure and volume readings (volumetric method). (2) In the gravimetric method, the amount of gas 
sorbed is measured at constant pressure by means of a very accurate balance, with the sample either 
suspended mechanically or by magnetic coupling across the wall of a high-pressure vessel. 
2.2.1.1 Manometric Method 
The manometric method is most widely used for determining gas sorption capacities on coal (e.g. Busch et 
al., 2003a, 2007; Busch et al., 2004a; Bustin and Clarkson, 1998; Chaback, 1996; DeGance, 1993; Harpalani 
et al., 2006; Joubert et al., 1973; Krooss et al., 2002; Laxminarayana and Crosdale, 1999b; Li et al., 2010; 
Mastalerz et al., 2004; Mavor, 1990; Nodzenski, 1998; Prinz et al., 2001; Siemons and Busch, 2007). The 
setups are either custom made or designed in-house and consist typically of calibrated reference volume 
and sample cells. Pressure and temperature transducers are either connected to the sample cell only or to 
both, reference and sample cell. To analyze sorption from gas mixtures (combination of usually N2, CH4 and 
CO2) the gas composition has to be determined additionally by using a gas chromatograph (GC) equipped, 
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for instance, with a Thermal Conductivity Detector (TCD). Either sample or reference cell or both are 
connected to the GC through a sampling valve. A basic schematic of this setup is provided in Figure 2-2. 
 
Figure 2-2. Schematic setup for manometric sorption devices. V denotes valves and P denotes pressure 
transducers. 
In the manometric procedure, defined amounts of gas are successively transferred from a calibrated 
reference volume into the sample cell containing the coal sample. Prior to the sorption experiment the void 
volume (
0
voidV ) of the sample cell is determined by expansion of a “non-sorbing” gas, which is typically 
helium. Helium densities are calculated using the equation of state (EOS) by McCarty and Arp, 1990 or using 
the van der Waals equation with the a and b parameters reported by Michels and Wouters, 1941. This 
procedure also provides the skeletal volume ( 0sampleV ) and the skeletal density (
0
sampleρ ) of the sample. 
For gas sorption isotherms, the void volume multiplied by the density of the gas (or supercritical) phase (
),(20 pTV COvoid ρ⋅ ), yields the “non-sorption” reference mass, i.e. the amount of gas (supercritical fluid) that 
would be accommodated in the measuring cell if no sorption takes place. Densities are calculated using the 
corresponding EOS for CO2, CH4, N2 or their binary and ternary mixtures (Kunz et al., 2007; Peng and 
Robinson, 1976; Setzmann and Wagner, 1991; Span and Wagner, 1996). The excess sorption mass ( 2
CO
excessm ) 
is the difference between the mass of gas that has been transferred into the measuring cell up to a given 
pressure step and the “non-sorption” reference mass: 
),(0 pTVmm gasvoidgas dtransferregasexcess ρ⋅−=         (2-1) 
The mass transferred from the reference cell into the measuring cell during N successive pressure steps is 
given by: 
( )∑
=
−−
−⋅=
N
i
i
gas
ii
gas
iref
gas
dtransferre TpTpVm
1
11 ),(),( ρρ       (2-2) 
Rather than in mass units, the excess amount of sorbed gas is usually expressed in amounts of substance 
(mol) or volume of sorbed gas under standard temperature and pressure (STP) conditions (m3; 288 K, 0.1 
MPa). The excess sorption is usually normalized to the initial mass of the sorbent.  
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2.2.1.2 Volumetric Method 
The volumetric method (Fitzgerald et al., 2005; Gasem et al., 2002b; Hall et al., 1994; Ozdemir et al., 2003; 
Ozdemir et al., 2004; Reeves et al., 2005; Sudibandriyo et al., 2002; Sudibandriyo et al., 2003).  
A simplified scheme of the experimental apparatus is shown in Figure 2-3. The pump/reference and sample 
cell sections of the apparatus are maintained in two constant temperature air baths. Similar to the 
manometric method, the sample is placed in the sample cell, the volume of which is determined using 
helium as non-sorbing gas. The isotherm is determined by continuously decreasing the volume in the piston 
pump and thus increasing the gas pressure. The amount of gas injected is determined by an accurate 
reading of the volume changes in the pump. By adjusting the piston pump volume, sorption quantities can 
be determined at defined pressures while for the manometric method (with fixed reference and void 
volumes) the equilibrium pressure depends on the reference to sample cell volume ratio and the pressure 
charge in the reference cell. The amount of gas injected 	
 	can be determined from the pump 
position as it moves forward. Therefore: 
  	
          (2-3) 
while 
	
  ∆          (2-4) 
and 
    !		!!         (2-5) 
Here m denotes the mass of gas, p is pressure, T is temperature, M is the molar mass of the gas species, Z is 
the compressibility coefficient of the pure gas species and R is the universal gas constant. ∆V is the volume 
change in the pump and Vvoid is the volume of the free gas in the sample cell. 
 
Figure 2-3: Schematic diagram of volumetric gas sorption device. Modified after Sudibandriyo et al., 2003. 
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2.2.1.3 Gravimetric Method 
Most commercial gravimetric sorption devices used for determining gas sorption capacities are commercial 
(Bae and Bhatia, 2006; Charrière et al., 2010; De Weireld et al., 1999; Ottiger et al., 2006; Pini et al., 2010; 
Pini et al., 2006a; Pini et al., 2006b), either used as delivered or with in-house modifications. In this 
instrument the sorbent is placed into the high-pressure compartment of a magnetic suspension balance 
and exposed to the sorptive at constant temperature (Figure 2-4). The excess sorption is determined from 
the weight change (apparent mass change) of the sample (∆  "#, %&  !' ) recorded 
during individual sorption steps, where !'  is the original sample mass. The excess sorption is derived 
from its apparent weight change by a buoyancy correction based on the skeletal volume "(!' ) of the 
sample, corresponding to the same reference state as in the manometric procedure. The determination of 
the skeletal density or volume is performed with helium. The excess sorbed mass is then given by: 
)	  ∆ * (!' ∙ ,"#, %&         (2-6) 
)	  ∆ * -./01234-./0123 ∙ ,"#, %&         (2-7) 
As in the manometric procedure, the volume and density of the sorbed phase are not known and therefore 
their effect on the buoyancy term cannot be explicitly taken into account. The excess sorption values are 
normalized to the original sample mass !' . The magnetic suspension balance is capable of measuring 
weight changes with an accuracy of ±2 µg. The system consists of an electromagnet linked to the balance 
and a permanent magnet at the top of the suspension system for the crucible containing the sorbent. More 
details are given in e.g. De Weireld et al., 1999. 
 
Figure 2-4: Suspension magnetic balance. EM=electro magnet; PM=permanent magnet; TS=titanium sinker. 
Adapted from Charrière et al., 2010. 
2. CBM and CO2-ECBM related sorption processes in coal: A review 
31 | P a g e  
Several studies use an in-house built gravimetric device (e.g. Day et al., 2008c; Day et al., 2005; Sakurovs et 
al., 2009; Sakurovs et al., 2008, Figure 2-5). This set-up measures the weight change of the sample cell upon 
gas sorption/desorption. The free gas volume in the sample cell is determined by He-pycnometry as in the 
manometric method. In addition an empty reference cell is used to determine the mass of a defined 
volume of gas at the same pressure as in the sample cell. Thus, the gas density at each reference pressure 
can be determined without having to rely on an EOS. Especially for gas mixtures where EOS are unavailable 
or not sufficiently accurate this method is practical. 
 
Figure 2-5. Gravimetric sorption device used at CSIRO Energy Technlology, Newcastle, AUS. RC and SC are 
reference and sample cells respectively. Adapted from Day et al., 2005. 
2.2.1.4 Alternative methods for recording gas sorption on coal 
Two additional test methods for sorption on coal have been reported recently. There are many more 
methods used but not applied to coal/gas systems to the knowledge of the authors: 
Gas sorption (CO2, CH4) under controlled confining stress (6.9-13.8 MPa) on a cylindrical coal sample plug 
(Pone et al., 2009) using a volumetric method. Results were compared to powdered samples under 
unconfined conditions and showed a reduction in sorption capacity by up to 91% for methane and up to 
69% for CO2. 
Hol et al., 2011 recently reported a new, direct method of determining the uptake of CO2 by coal (i.e. by 
adsorption plus pore-filling). A cylindrical coal sample, 4 mm in diameter and 4 mm in length, is jacketed in 
a tightly fitting, annealed gold capsule and exposed to CO2 at constant pressure and temperature. 
Adsorption-induced swelling of the sample is accommodated by ductile deformation of the capsule. Once 
the coal is saturated, the capsule is sealed by mechanical loading and the external CO2 pressure removed. 
This allows the CO2 to desorb from the coal and flow into an inflatable Al-foil bag attached to the capsule. 
The volume of the bag, and hence the amount of CO2 stored in the coal sample, is determined using the 
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Archimedes method. While the capsule method is time-consuming and not easily executed, the advantage 
is that it is independent of any Equation of State (EOS), and that no volumetric effects or impurities distort 
the shape of the isotherm as with the methods below. The method reported by Hol et al., 2010b is 
currently being tested and compared to the manometric method in collaboration with the present authors. 
First detailed results are expected in the near future (pers. com. Hol). 
2.2.2 Uncertainties in recording sorption isotherms 
Potential sources of experimental errors have been discussed in numerous papers, both within the coal 
research community and in relation to other microporous materials. Here we only refer to those studies 
dealing with natural coals (e.g. Gensterblum et al., 2010; Mavor et al., 2004; Mohammad et al., 2009; Pini 
et al., 2006b; Sakurovs et al., 2009; van Hemert et al., 2009; van Hemert et al., 2007; Yu et al., 2008a). 
Issues related to temperature control, determination of sample cell volume, equations of state, gas 
impurities, water vapor pressure and gas uptake in water (by dissolution) and mineral matter surfaces are 
addressed her in some detail. 
2.2.2.1 Helium as reference gas 
Both, the gravimetric and the manometric/volumetric methods use helium (sometimes argon) as reference 
gas to determine the buoyancy of the sample (gravimetric) or the void volume of the sample cell 
(manometric/volumetric). By definition and experimental practice, they represent differential methods 
with respect to helium.  
Helium is commonly considered as ‘‘non-sorbing’’. A small degree of helium sorption (which cannot be 
excluded but also not quantified) will lead to an underestimation of the sample volume for both methods. 
Gumma and Talu, 2003 proposed a method to correct sorption data for helium sorption. Helium sorption in 
turn, would result in an error (underestimation) of the excess sorption capacity. As noted by Sakurovs et al., 
2009, helium adsorption, if present, will be in the µmol g-1 range as compared to CH4 or CO2 sorption 
capacity on coal which is usually in the mmol g-1 range and hence can be neglected.  
Another potential problem in using helium as a reference gas is related to the accessibility of the pore 
space. It is commonly assumed that the same pore volume is accessed by helium as to CO2 or CH4. An 
overview on the state of discussion is provided by e.g. Sakurovs et al., 2009; Siemons and Busch, 2007; 
Walker Jr., 1988. 
2.2.2.2 Temperature 
Inaccuracies in temperature measurements and their effects on sorption measurements have been 
reported and discussed frequently in the literature. Temperature errors are commonly between 0.1 and 0.3 
K for experimental temperatures well above room temperature. This is because it is typically easier to heat 
a system than to cool it and to keep it at a constant temperature (in time and space). Therefore, 
experimental temperatures below room temperature are expected to have a larger uncertainty. Figure 2-6 
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shows CO2 and CH4 isotherms measured on dry Carboniferous coal from the Silesia coal mine in Poland 
using a manometric sorption device. The measurements were performed in the context of the RECOPOL 
project of the European Union. For both isotherms the error in excess sorption capacity upon an increase in 
temperature of 0.1 K has been calculated. Evidently this effect is almost negligible for CH4 (<0.1 %). For CO2 
however it is quite significant and exhibits a maximum around the critical pressure of CO2 (pc=7.39 MPa) 
where small temperature changes cause large changes in CO2 density. 
 
Figure 2-6: Error in calculating CH4 and CO2 sorption isotherm for a temperature increase or decrease by 0.1 
K. Carboniferrous coal from Silesia mine (seam 315) of the Upper Silesian Basin, Poland, measured in the dry 
state using a manometric method. 
2.2.2.3 Equations of State (EOS) 
For mass balance calculations an equation of state (EOS) is required to calculate the density of the gases 
(CO2, CH4) at certain pressures and temperatures. There are numerous different EOS available, however the 
most commonly used ones are Span and Wagner, 1996 and Setzmann and Wagner, 1991 for CO2 and CH4 
respectively, and the more universal EOS of Peng-Robinson (PR) and Soave-Redlich-Kwong (SRK). The two 
latter ones can be used for a large suite of gas species, using different interaction parameters. Mavor et al., 
2004 performed a similar comparison of z-factor variations, including further EOS for CH4. As a 
consequence, Mavor et al., 2004 pointed out that these differences in EOS can lead to variations of up to 
20% in the calculated sorption capacities for methane. The comparison in Figure 2-7 shows for a 
temperature of 318 K a maximum standard deviation in z-factors of 2 % at 30 MPa. CO2 shows its highest 
deviation of ~6.5 % at about 12 MPa. More details on errors related to EOS are provided by van Hemert et 
al., 2010. 
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Figure 2-7. Comparison of compressibility factors (Z) for CO2 and CH4 at 318 K and pressures up to 30 MPa. 
calculated with different equations of state (EOS): Soave-Redlich-Kwong (SRK), Peng-Robinson (PR) and 
Span and Wagner, 1996 (SpW, CO2) and Setzmann and Wagner, 1991 (SeW, CH4). Dashed lines indicate the 
largest difference between the respective EOS for CO2 (between SpW and SRK; short dashed line) and CH4 
(between SW and PR; long dashed line) 
2.2.2.4 Volume calculations 
The accurate volume determination of the reference/pump volume and void volume in the sample cell are 
indispensable for accurate prediction of the sorption capacity in manometric/volumetric setups. Figure 2-8 
and Figure 2-9 show potential deviations from the initially calculated sorbed amounts when changing the 
reference cell volume and void volume in the sample cell by 0.5 %. Since the reference cell volume is 
constant (independent on sample volume) and impacts directly the calculation of the void volume in the 
sample cell, the error remains constant over the entire pressure range (0.5 %) for both gases, CO2 and CH4. 
Increasing or decreasing the void volume of the sample cell however leads to an error that is about one 
order of magnitude larger. For CO2 this error increases sharply around the critical pressure and 
temperature and has an error of 12 % for CO2 (Figure 2-8) while the error for CH4 increases linearly to 7 % 
(Figure 2-9) at the respective final experimental pressure. These errors will depend on the volume ratio of 
sample cell to reference cell (which also depends on the sample volume in the sample cell) and are valid for 
the given example only. 
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Figure 2-8: Error in calculating CO2 sorption isotherm for an uncertainty in reference and sample cell volume 
of 0.5 %. Silesia 315 coal, Upper Silesian Basin, Poland, measured in the dry state. 
 
Figure 2-9: Error in calculating CH4 sorption isotherm for an uncertainty in reference and sample cell volume 
of 0.5 %. Silesia 315 coal, Upper Silesian Basin, Poland, measured in the dry state. 
2.2.2.5 Impurities in the measurement gas 
Small gas impurities in the void volume can further lead to inaccuracies in the determination of the true gas 
density and hence to wrong sorption capacities. Impurities can be introduced by residual gas in the coal 
when sample cell evacuation or sample degassing was not properly performed, i.e. evacuation was too 
short or the end pressure not low enough. Further reasons might be helium from void volume 
determination that remained in the tubing system or impurities in the measurement gas itself. 
0.000
0.020
0.040
0.060
0.080
0.100
0.120
0.140
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
0 5 10 15 20
e
rr
o
r i
n
 s
or
p
ti
o
n 
ca
pa
ci
ty
 (
m
m
o
l/
g)
Ex
ce
ss
 s
o
rp
ti
on
 (
m
m
o
l/
g)
Pressure (MPa)
CO2: 45.3 K
CO2: 0.5 % change in RC (mmol/g)
CO2: 0.5 % change in SC (mmol/g)
0.000
0.010
0.020
0.030
0.040
0.050
0.060
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0 2 4 6 8 10 12 14 16 18 20
e
rr
o
r i
n
 s
or
p
ti
o
n 
ca
p
ac
it
y 
(m
m
o
l/
g)
Ex
ce
ss
 s
o
rp
ti
on
 (
m
m
o
l/
g)
Pressure (MPa)
CH4: 45.4 K
CH4: 0.5 % change in RC (mmol/g)
CH4: 0.5 % change in SC (mmol/g)
2. CBM and CO2-ECBM related sorption processes in coal: A review 
36 | P a g e  
Gensterblum et al., 2010 showed that by using CO2 with different purities (0.9999 opposed to 0.999999) 
the difference in CO2 density at 10 MPa and 45°C would be 0.1 % using the gas-mixture EOS by 
Gensterblum et al., 2010; Kunz et al., 2007. The same authors analyzed the case when helium is not 
accurately evacuated from the system prior to CO2 or CH4 measurement and assumed a remaining helium 
partial pressure of 0.1 MPa. This would lead to much higher errors of 6.1 % under the same p/T conditions 
as above. Small impurities in the CO2 stream result in drastic changes in the shape of the isotherm and 
therefore are easy to detect. 
Contamination of the measuring gas can also occur for measurements on samples containing water. To 
represent sub-surface moisture conditions, coal samples are typically moisture equilibrated using a 
standard test method (ASTM, D1412-93) which saturates the sample at 30°C and a relative humidity of 96-
97 % under vacuum. This will lead to a certain partial water pressure in the free gas phase leading to 
uncertainties in the gas density but also in sample mass. Figure 2-10 shows the error in CO2 and CH4 
densities at 45°C when assuming a water vapor partial pressure (in this case 0.009595 MPa). The error is 
relatively high at pressures <2 MPa but negligible at higher pressure. This uncertainty is not considered to 
have an impact on the sorption isotherm. 
 
Figure 2-10. Plot of pure CO2 versus CO2+H2O and CH4+H2O densities calculated at 45°C and water vapor 
pressures from Wagner and Pruss, 1993. Density calculations have been performed following the equation 
of state by Kunz et al., 2007. 
2.2.2.6 Gas dissolution in water and gas sorption on mineral matter 
Gas sorption capacities are typically reported on a dry, ash-free (daf) basis assuming no gas uptake by 
dissolution in water or sorption on mineral surfaces. Methane dissolution in water is known to be more or 
less negligible whereas CO2 has shown to dissolve in water in relevant amounts depending on the sample 
moisture content (Busch et al., 2007).  
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Gas sorption on mineral surfaces (especially clays) has been found to be significant (Busch et al., 2008; 
Weniger et al., 2010; Wollenweber et al., 2010). Although methane sorbs on clay minerals (RWTH Aachen 
University, Germany, unpublished data), the total amounts are small. For CO2 however sorption capacities 
are in the same order as for coal. Research on this topic is still in progress and mechanisms are not well 
understood. Therefore it might be misleading to report CO2 sorption capacities on a daf basis since 
dissolution in water and adsorption on clay mineral surfaces (depending on the respective contents) is 
significant and should not be neglected. 
2.2.2.7 Minor sources of errors related to gas sorption on coal 
A number of minor sources of error have been reported in the literature (van Hemert et al., 2007) which 
are listed below but will not be discussed in detail: 
• Gas leakage: Every setup has a certain leakage rate that cannot be avoided and if this rate is 
significant compared to the amounts of gas sorbed the mass balance calculation should account for 
this. 
• Thermal and mechanical expansion/contraction of cells in the manometric/volumetric setups. This 
is mainly relevant if the volume calibrations are performed with large pressure differences between 
reference cell loading and relaxation into the sample cell or the volume calibrations are performed 
at a different temperature than the sorption measurement. 
• Changes in cell volumes due to changes in pressure 
• Measuring gas contamination from the steel typically used for cells leading potentially to changes 
in gas density. 
• Sample mass determination: Weight balances usually have an accuracy of 100 µg. Since sample 
masses of >1 g are typically used this will pose a negligible error of <0.01 %. 
• Further sources of error are attributed to the coal sample itself (moisture content, volumetric 
effects etc.) and will be addressed at a later stage of this manuscript. 
2.2.3 Modeling of adsorption isotherms 
Many methods have been discussed to model sorption isotherms on coal or other microporous materials 
and an overview is provided by Ozdemir et al., 2003 while other methods have been proposed by e.g. 
Fitzgerald et al., 2006 and Sakurovs et al., 2007.  
This paper does not intend to discuss the various isotherm modeling efforts since this would again be an 
overview paper of its own. In the (E)CBM industry and related reservoir simulations approaches the well-
known Langmuir equation is used as a simple method and provides a reasonable fit to most experimental 
data: 
6  7∙879            (2-8) 
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Here 6:  is the Langmuir volume, denoting the amount of gas sorbed at infinite pressure %; and <:  is the 
Langmuir pressure, corresponding to the pressure at which half of the Langmuir volume 6: is reached. 
2.2.4 Excess versus absolute sorption 
For gases like CO2 or CH4, the excess sorption )	 is defined as the amount gas sorbed on the sorbent 
(coal), however without occupying a certain volume for the sorbed phase (=	>)	 ∞). Sorption of 
gas molecules takes place in one or more layers on the surface at a higher density than the gas phase 
(=	>!
 @=	>). (Figure 2-11, Mohammad et al., 2009; Sircar, 1999). However, excess 
sorption does not consider the potential different pore accessibility between Helium and gases like CH4 or 
CO2 and therefore: (A ≝ (CDE,CAF. 
 
Figure 2-11. Schematic diagram of sorbate density in Gibbsian sorbed phase (simplified and modified after 
Sircar, 1999). The arrow marked as void volume in excess and absolute sorption denotes the measurement 
range for the void volume. 
Gas molecules sorbed occupy a certain volume (, hence increase the solid volume. The density of the 
sorbed gas = can be calculated knowing the sorbed phase volume ( and its mass  referred to as 
the absolute sorption: 
  ( ∙ =          (2-9) 
Calculating absolute from excess sorption can be done for the manometric (volumetric) and for the 
gravimetric methods. The different calculation paths are given below: 
2.2.4.1 Gravimetric method 
For the non-sorption case the calculated apparent mass change („weight change“) due to buoyancy of the 
sample in the gas (sorptive) at pressure p and temperature T is calculated according to: 
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(sample mass – (calculated) sample buoyancy in the gas phase (sorptive)) 
For the sorption case the measured apparent mass change („weight change”) due to the combined effect of 
sorption (mass uptake), buoyancy of the sample and buoyancy contribution of the sorbed volume can be 
calculated according to: 
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(sample mass + sorbed mass - sample buoyancy – buoyancy of sorbed phase) 
Further the excess mass normalized to the initial sample mass is: 
G)	  ∆G  ∆G   1  4I.-"J,&4-KL.M2      (2-12) 
2.2.4.2 Manometric method 
In the non-sorption case (void volume previously determined with He) the calculated amount of (sorptive) 
gas accommodated in the void volume of the measuring cell at given pressure and temperature (requiring 
determination of the void volume by He expansion and the equation of state of the sorptive gas) is 
calculated according to: 
),(0 TPVm gasvoidnsman ρ⋅=           (2-13) 
In the sorption case the measured amount of (sorptive) gas actually transferred into the measuring cell at 
given pressure and temperature )( 0 adsvoid VV −  is the residual free gas volume: 
),()( 0 TPVVmm gasadsvoidadssman ρ⋅−+=         (2-14) 
),( TPVmmmm gasadsadsorbednsmansmanexcessman ρ⋅−=−=        (2-15) 
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1          (2-16) 
Both procedures (for manometric and gravimetric methods) yield equivalent expressions for the excess 
sorption. 
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A major problem in determining absolute sorption is that = cannot be determined directly and certain 
assumptions have to be made. Most authors use the liquid gas density at the boiling point at ambient 
pressure which is 1278 and 423 kg m-3 for CO2 and CH4 respectively (Yee et al., 1993; Dreisbach, 1999; 
Mavor et al., 2004). Murata et al., 2001 provides an overview of additional approaches to determine values 
for the sorbed density. Absolute sorption can be calculated from excess sorption for manometric 
(volumetric) and gravimetric methods: 
Especially for CO2 several other attempts have been used to incorporate potential further changes of the 
volume of the sorbent like coal swelling. A summary of such effects is provided by several authors (Siemons 
and Busch, 2007; Ozdemir et al., 2003; Sircar, 1999; Sudibandriyo et al., 2003). Ozdemir et al., 2003 used an 
additional correction factor accounting for the sorbent volume increase caused by the sorbed phase 
volume. Siemons and Busch, 2007 used a fitting procedure to combine all volumetric effects. 
A common procedure to estimate the density of the sorbed phase consists in plotting the sorbed amount 
against the free gas density. This approach was used for instance by Humayun and Tomasko, 2000. The 
slope and intercept of the linear portion of this plot (at high free gas densities) yield the density and the 
volume of the sorbed phase. For a Filtrasorb-400 activated carbon the sorbed phase obtained by this 
method agrees well with the van der Waals density of 23.45 mmol cm-3 (1032 kg m-3). Similar values were 
obtained by Gensterblum et al., 2009 for the same activated carbon. For CO2 sorption on natural coals, 
however, Gensterblum et al., 2010 found higher sorbed phase density values. These might be due to an 
increase in the solid volume by a poroelastic expansion of the coal (coal swelling), not caused by the 
volume of the sorbed phase alone.  
Significant volumetric effects are not expected for CH4 and using a sorbed phase density of 423 kg m
-3 to 
calculate absolute sorption seems to be a generally accepted number. For CO2 this is more complex since 
every coal sample swells to a different amount, has a specific pore system with a more or less unique 
distribution of functional groups which makes the conversion from excess to absolute sorption non-
universal. The use of the graphical method proposed by Humayun and Tomasko, 2000 is only appropriate if 
the experimental pressure is high enough such that the isotherm shows the typical decline with increasing 
pressure or gas density. Further fundamental research is needed to obtain more reliable information on the 
density of the sorbed phase and any additional factors that contribute to an increase in sorbent (coal) 
volume. 
2.3 Water sorption on coal 
The interaction of carbon materials like natural coal with water is more complex than with nonpolar gases 
like helium, argon, nitrogen, methane, or carbon dioxide. This complexity is due to the weak dispersion 
interaction of water with coal, the tendency of water to form hydrogen bonds with other sorbed water 
molecules and surface chemical species, and the chemisorptive interaction with the coal mineral matter. 
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Many studies address the issue of water sorption on coal or gas sorption on moist coal either by describing 
the principles or by determining sorption capacities of gases (CO2, CH4) on moist coal samples (Allardice et 
al., 2003; Busch et al., 2007; Busch et al., 2003b; Clarkson and Bustin, 1999a; Clarkson and Bustin, 2000; 
Day et al., 2008c; Fei et al., 2006; Fei et al., 2007; Goodman et al., 2007b; Gutierrez-Rodriguez, 1984; 
Hartman and Pratt, 2005; Joubert et al., 1973; Joubert et al., 1974; Kelemen and Kwiatek, 2009; Krooss et 
al., 2002; Lynch and Webster, 1982; Moore and Crosdale, 2006; Nishino, 2001; Ozdemir and Schroeder, 
2009; Suuberg, 1993; Unsworth, 1989). 
Figure 2-12 shows the difference in the isotherm shapes that is the result of the combined effects of carbon 
hydrophobicity and the presence of surface functional groups that act as primary sorption sites. It is 
believed that water molecules are strongly sorbed on the surface sites via hydrogen bonds. This is followed 
by further sorption that results in the creation of water clusters and eventually pore filling (Brennan et al., 
2001). 
 
Figure 2-12: Adsorption of water vapor on oxygenated carbons: (I) heated in vacuum at 200°C; (II) in 
vacuum at 950°C; (III) in vacuum at 1000°C; (IV) at 1100°C in a hydrogen stream; (V) in hydrogen at 1150°C; 
(VI) in hydrogen at 1700°C; and (VII) at 3200°C (Muller et al., 1996). 
Additionally the pore size distribution has an important control on water sorption on coal or carbon 
materials in general. It plays a significant role in the observed energies of the water sorption process 
(Salame and Bandosz, 1998). Based on X-ray diffraction of sorbed water molecules in molecular sieving 
carbons, Hanzawa, 1998 and Iiyama, 1997 concluded that water forms an ordered assembly structure in 
the hydrophobic nanospace. The estimated size of such a cluster is about 0.6 nm and is likely associated 
with the microscopic anomalies of water confined in small pores (Brennan et al., 2001; Iiyama, 1997). 
Alcaniz-Mongue, 2001 found that the process of water sorption is due to both physical sorption and 
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chemical interaction with surface groups. In accordance with this process, micropore filling is progressive: 
the narrow micropores are filled first, and subsequently, water is sorbed in the remaining greater range of 
microporosity. This study confirms that water sorbed in the porosity of carbon has a solid-phase structure 
throughout the whole range of micropore size.  
Several studies investigate the structure of water (clustering) in the sorbate phase (Allardice and Evans, 
1971; Salame and Bandosz, 1998, 1999, 2000). Klier and Zettlemoyer (1977) elucidate water cluster 
stabilities and referred to quantum mechanical calculations performed mainly by Del Bene and Pople, 1969. 
These calculations describe how water molecules form larger clusters, ranging from dimers to cyclic 
tetramers. They become energetically more stable with energies per water molecule changing from -12.8 
to-43.9 kJ/mol, respectively. 
2.4 Coal-specific factors controlling water sorption 
2.4.1 Functional groups 
The sorption of water vapour and methane on coal surfaces has been studied for some time, and carboxylic 
and hydroxylic functional groups have been shown to be important for this process. Joubert et al., 1974 
determined that methane sorption capacities of high oxygen coals undergo a much greater reduction when 
saturated with moisture than do their low-oxygen counterparts.  
The mechanism of water sorption was originally proposed by Dubinin and co-workers (Dubinin, 1980; 
Dubinin and Serpinsky, 1981). Their conclusions are based on the results of experiments where the first 
points on the isotherm were measured at a relative pressure of about 0.1. The authors proposed that water 
sorbs on primary adsorption centres first (functional groups containing oxygen), followed by sorption on 
secondary centres (sorbed water molecules) via hydrogen bonding (Given, 1986; Gutierrez-Rodriguez, 
1984; Lynch and Webster, 1982; Nishino, 2001). 
Direct measurement by FTIR (Mu and Malhotra, 1991) and ionic thermal current (Suárez et al., 1993) 
confirm the assumption that water vapour is mostly sorbed on carboxyl groups, where strong interactions 
occur and the amount of water vapour sorption on hydroxyl groups is limited.  
2.4.2 Coal rank 
Several studies report a correlation between coal rank and the extent of water uptake, particularly at high 
relative pressures, indicating that water uptake decreases with an increase in rank, showing a minimum at 
about 1.2 % VRr. Water uptake then increases towards higher rank coals (Figure 2-13, e.g. Prinz et al., 2004; 
Bratek et al., 2002). This parabolic behaviour is similar to the rank dependence of the micropore volume. 
Prinz and Littke, 2005 applied low pressure sorption isotherms to show that water molecules do not seem 
to be able to penetrate the interlayer spacing of crystallite structures (<0.4 nm). Instead, water is present in 
the mesopores and larger micropores (~0.4–30 nm). The results of this study are in general agreement with 
observations by Lu et al., 2001. 
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Figure 2-13: Equilibrium moisture content of coals of varying rank (Beamish and Crosdale, 1998; Bratek et 
al., 2002; Busch et al., 2007; Clarkson and Bustin, 2000; Crosdale et al., 1998b; Day et al., 2008c; Day et al., 
2005; Gasem et al., 2002a; Hildenbrand et al., 2006; Laxminarayana and Crosdale, 1999a; Laxminarayana 
and Crosdale, 2002; Mastalerz et al., 2004; Moore and Crosdale, 2006; Ottiger et al., 2006; Ozdemir and 
Schroeder, 2009; Pan and Connell, 2007; Prinz et al., 2004; Saghafi et al., 2007). 
2.4.3 The isosteric heat of water sorption on coal 
Thermodynamically adsorption is an exothermic process and the sorption capacity decreases with 
increasing temperature because of a higher ordered adsorbed state (Sircar, 1992). The temperature 
dependence of the sorption capacity is controlled by the isosteric heat of sorption which is a function of 
surface coverage. In general the isosteric heat of sorption depends on the surface chemistry and the pore 
structure. 
Many published studies show that the isosteric heat of sorption Qst for gases decreases slightly when 
adding water. This suggests that there are some higher energetic sorption sites within the coal that have a 
greater affinity for these sorbates, but these sites are preferentially occupied by water molecules (e.g. Day 
et al., 2008c, Figure 2-14). This is consistent with the classification by Dubinin and co-workers of primary 
and secondary sorption sites (see 2.4.1). The isosteric heat of water sorption was found to have values very 
close to the latent heat of bulk water condensation (45 kJ mol−1 at a surface coverage up to 10%). It was 
also found that when pores are too small to accommodate functional groups, the released heat of sorption 
at very low relative pressure is equal to the heat of condensation. It has even been observed to be a few kJ 
per mol above the heat of condensation (Salame and Bandosz, 2000). Therefore we can conclude that the 
isosteric heat of sorption is higher than the heat of condensation when functional groups are present. 
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Figure 2-14: Net heat of water sorption on coal as a function of moisture content (Day et al., 2008c). The net 
heat of sorption Qnet is equal to the isosteric heat of sorption Qst and subtracting the heat of condensation. 
This relationship is only valid for inert sorbents. 
The low isosteric heat of sorption Qst at high surface coverage suggests that interaction between the carbon 
surface and water molecules is weak (Walker Jr. and Mahajan, 1993). It was calculated (Rubes et al., 2010; 
Rubes et al., 2009) and demonstrated (Avgul and Kiselev, 1970) that the energy of interaction of water 
molecules and a pure graphite surface is low.  
Mahajan (1970) argued that hydrogen bonding should produce higher heats of sorption at low surface 
coverage (Mahajan, 1970). They referred to Darcey et al., 1958, who reported results for water sorption on 
Saran charcoals with a heat of sorption of 63 kJ/mol for a surface coverage of only 1%, whereas at about 5% 
surface coverage the heat of sorption approaches the heat of water condensation (45 kJ mol−1) (Darcey et 
al., 1958; Mahajan, 1991; Walker Jr. and Mahajan, 1993). Huang et al., 1995 discussed changes in the 
hydrogen bonding patterns for water molecules bound to high and low densities of oxygen functional 
groups on the coal surface. For high oxygen content coals the oxygen functional groups are in close 
proximity to one another, enabling the formation of bridged clusters of water molecules.  
Salame and Bandosz (1998) observed a similar trend in the heat of sorption on various activated carbons 
with different degrees of surface oxidation. Their results showed that the isosteric heats of water sorption 
are affected by surface chemical heterogeneity only at low surface coverage (Salame and Bandosz, 1998). 
This conclusion is also supported by Gubbins and co-workers and based on a good agreement between 
molecular simulations (Maddox et al., 1995; Muller et al., 1996; Ulberg and Gubbins, 1995) and 
experimental data. It was shown that on the surface of activated carbons with functional groups the 
creation of water clusters occurs before all primary sorption centres are occupied by water molecules 
(Salame and Bandosz, 1998, 1999, 2000).  
Referring to the competitive sorption of gases, CO2 and CH4 are forced to lower energy sites when water is 
present. Water appears to be sorbed on functional groups, whereas CO2 and CH4, although showing some 
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degree of preferential sorption, are generally able to access all of the sorption sites throughout the coal 
(Day et al., 2008c). 
2.4.4 Water sorption/desorption hysteresis 
Puri, 1966 reported sorption-desorption hysteresis for activated carbons with different surface chemistry 
which is schematically documented in Figure 2-15. With the presence of acidic oxygen surface groups the 
sorption-desorption isotherm is not completely reversible at zero relative vapour pressure. A certain 
amount of water cannot be desorbed under vacuum (10-4 mbar), only by additionally elevating the 
temperature. This residual moisture is irreversibly sorbed water and is presumably held tightly within the 
micropores (Mahajan, 1970). McCutcheon et al., 2001 and Charrière and Behra (2010) found that the 
extent of hysteresis for sorption/desorption (integrated area difference) correlates linearly with the coal 
oxygen content. The data of Mahajan, 1970 supports this hypothesis. Contrary, Allardice and Evans (1970) 
suggest that hysteresis occurs because the swelling is proportional to the water sorbed. However, they 
suggest that the corresponding shrinkage of the structure during desorption is pressure delayed by water 
strongly sorbed on primary sorption sites on the internal surface of the coal, and this sorbed water appears 
to be confined to the monolayer region.  
 
Figure 2-15: Schematic of water uptake on coal. 
Figure 2-15 shows schematically a water isotherm. Monolayer sorption occurs in the lower relative 
pressure range of the isotherm. A sharp increase in the isotherm, where the relative water vapour pressure 
is still below 0.1 is attributed to water sorption on the primary sorption sites. Multilayer condensation is 
responsible for the straight line region in the middle section of the isotherm. Capillary condensation is the 
dominating factor in the upper concave part of the isotherm. The inflection point is the pressure where 
capillary condensation kicks-in. Allardice and Evans, 1971 showed that this inflection point shifted to higher 
relative pressures with increasing temperature. 
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McCutcheon et al., 2001 and Charrierre and Behra (2010) examined two parts of the hysteresis while 
studying water sorption on coals with different ranks. Low and high relative pressure hystereses have 
occurred especially for lower rank bituminous coals. McCutcheon et al., 2001; McCutcheon et al., 2003 and 
Charrière and Behra, 2010 have suggested that the hysteresis at high relative pressure is due to the ink-
bottle effect, which would require a condensation (a liquid phase).  
Horikawa et al., 2010 observe recently that the water cluster size in mesopores is larger than in micropores, 
and the hysteresis loop of sorption–desorption in mesopores is greater than in micropores.  
Finally, we would like to underline that most of this hypothesis is based on only a few experiments, and in 
some cases, on indirect observations. To verify this hypothesis, further investigations are needed (Gauden, 
2005). 
2.4.5 CH4 and CO2 sorption of coals in the presence of water 
2.4.5.1 Effects on sorption capacity 
As early as 1936, Coppens reported the observed decrease in methane sorption capacity due to moisture in 
several Belgian coals (Coppens, 1936). Polar sites such as hydroxyl groups on the coal surface are 
preferentially occupied by water and in the process reduce the capacity for CO2 and CH4. Therefore moist 
coals have a significantly lower maximum sorption capacity for either gas compared to dry coal. However, 
the extent to which the capacity is reduced depends on coal rank. Higher rank coals are less affected by the 
presence of moisture than low rank coals (Day et al., 2008c).  
Sorption capacity decreases with increasing moisture content until the equilibrium moisture content is 
reached. Above this moisture content the gas sorption capacity remains constant (Day et al., 2008c; Joubert 
et al., 1973; Joubert et al., 1974). This limiting moisture content depends on the rank of the coal and, for 
Australian low rank coals, corresponds approximately to the equilibrium moisture content that would be 
attained by exposing the coal to about 40–80% relative humidity. Allardice and Evans (1970) conclude, 
based on entropy calculations, that water above this limit has a liquid structure. Therefore they conclude 
water condensates on the surface and that gas will only dissolve in this water (Allardice and Evans, 1971). 
The experimental results indicate that the loss of sorption capacity by the coal in the presence of sorbed 
water can simply be explained by “volumetric displacement of CO2 and CH4 by water” (Day et al., 2008c; 
Levy et al., 1997). An interesting consequence of volumetric displacement would be that estimates of wet 
coal sorption capacity could be calculated from dry coal isotherms. Dry samples are experimentally easier 
to handle in comparison to moisturized samples. The assumption behind this hypothesis is that the density 
of the sorbed phase is constant for comparable coal types. For Australian and Chinese bituminous coals, 
approximately 0.3 molecules of CO2 are displaced by each water molecule and each molecule of water 
displaces 0.2 molecules of CH4 up to the limiting moisture content (Day et al., 2008c). To verify a general 
validity of this hypothesis, further investigations are necessary. 
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The fact that CO2 and CH4 continue to be sorbed on moisture-equilibrated coals indicates that water and 
these two gases compete only for a portion (Figure 2-16, intersection α and β or γ) of the total available 
sorption sites. Figure 2-16 shows schematically the total set of sorption sites for CO2, CH4 and water on coal 
at constant temperature and pressure. Carbon dioxide has the highest amount of sorption sites, followed 
by methane and water. The ratio of sorption capacity or sorption sites of CO2 and CH4 is in the range of 1 to 
9 (s. below) and changes strongly to lower ratios when water content decreases or coal rank increases. The 
intersection area of water and methane γ is smaller than the intersection area of water and CO2 (β), as 
illustrated in Figure 2-16. This intersection area is based on the observation of secondary sorption sites of 
water. Intersection δ represents the primary sorption sites of water. If there is water present in the system, 
these sorption sites will be occupied by water molecules, because of the higher heat of sorption for water 
on the primary sorption sites compared to CO2 and CH4. However, the intersection areas and their 
respective ratios of these will change when temperature and pressure are varied. For example at very low 
total surface coverage the amount of sorbed water will be high in comparison to CH4 and CO2, because of 
the high energetic primary sorption sites. 
 
Figure 2-16: Sorption sites of each gas at one given fixed surface coverage (fixed p,T) and the intersection 
for multi-component sorption isotherms. 
The coal surface can be envisaged to consist of sets of more water-prone (hydrophilic) and more gas-prone 
sorption sites and there is a partial overlap of these sets of sorption sites. 
For dried coals, sorption capacity shows a parabolic dependence on rank, whereas as-received coals display 
a more linear dependence on fixed carbon content (Figure 2-17, Ozdemir and Schroeder, 2009). 
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Figure 2-17: Sorption capacity at reference pressure of 5 MPa as a function of coal rank for moist and dry 
coals (Bae and Bhatia, 2006; Battistutta et al., 2010; Busch et al., 2003a; Bustin, 2004; Chaback, 1996; Day 
et al., 2008c; Fitzgerald et al., 2005; Harpalani et al., 2006; Kelemen and Kwiatek, 2009; Li et al., 2010; 
Mastalerz et al., 2004; Pini et al., 2010; Reeves et al., 2005; Ryan and Richardson, 2002; Sakurovs et al., 
2007; Weniger et al., 2010; Yu et al., 2008b). 
2.4.5.2 CH4 sorption capacity and the influence of moisture at elevated temperatures 
High-pressure methane sorption isotherms are in general less sensitive to changes in temperature than to 
variations in moisture content (Day et al., 2008c; Joubert et al., 1974; Moore and Crosdale, 2006; Ozdemir 
and Schroeder, 2009). As discussed in the previous chapter, CH4 sorption capacity decreases with increasing 
moisture content until moisture saturation is reached. Above this moisture saturation limit, the gas 
sorption capacity remains constant (Day et al., 2008c; Joubert et al., 1973; Joubert et al., 1974).  
However, an increase in temperature results in a decrease in moisture-saturation. Lower equilibrium 
moisture contents will increase the gas sorption capacity; higher temperature will decrease the sorption 
capacity (Day et al., 2008c; Joubert et al., 1974; Moore and Crosdale, 2006; Ozdemir and Schroeder, 2009). 
This relationship is illustrated in Figure 2-18 and confirmed experimentally by Gaschnitz, 2000 on coals from 
the Ruhr Basin, Germany. 
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Figure 2-18: Schematic diagram of sorption capacity of coals at different moisture contents and as a 
function of temperature.  
Which of these opposing effects has a larger influence on gas sorption capacity is property specific for each 
coal and depends on the isosteric heat of sorption and the surface coverage (amount of available sorption 
sites). Sorption of water on primary sorption sites (intersection area 4 in Figure 2-16) results in higher 
sorption enthalpies compared to CH4 or CO2. Therefore, it is unlikely to observe competition for the primary 
sorption sites of water. For sorption on the secondary sorption sites, sorption enthalpies for water and 
each gas type are likely to become more similar, especially when the moisture content of the sample is 
close to the saturation content. Accordingly we observe a significant competition for this sorption site 
between methane and water molecules. Up to a sample-specific limit additional water is only present as 
free water on the surface coal without occupying sorption sites.  
Crosdale et al., 2008 investigated the influence of moisture and temperature on the CH4 sorption capacity 
of low-rank coals. Their results show no significant temperature dependence for CH4 sorption capacity at 
constant moisture content (Figure 2-19, Case 2). The common expectation for sorption isotherms as a 
function of temperature at different moisture-levels would be that increasing temperature will cause a 
decreasing sorption capacity (Figure 2-18, Figure 2-19 Case 1). However, due to the high displacement 
ratios (2.4.5.1) it is possible that the release of water sorption sites could be able to compensate the 
decrease in CH4 total sorption sites due to the higher temperature. Nevertheless, further studies are 
required to elucidate this observation. 
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Figure 2-19: Schematic plot of the sorption capacity in the dry and moisturized state as a function of 
temperature. 
2.4.6 Water sorption kinetics on coal 
A novel application of an empirical kinetic model was proposed by McCutcheon et al., 2001 to quantify 
water sorption kinetics in bituminous coals. They introduced a flow rate kinetic parameter to quantify the 
rate of water transfer from outside the coal particle to the intra-particle pore structure. Most of the 
bituminous coals investigated by a gravimetric method show similar uptake rates at relative water vapour 
pressures in the range of 0.2-0.9. However for two semi-anthracites the flow rate was significantly less than 
for all other bituminous coals investigated. McCutcheon et al., 2001 believe that this difference is caused by 
differences in the coal structure. Variations between coals in the uptake rate at low relative pressures (0-
0.2) appear to be caused by variations in the primary sorption sites. Effective diffusivities for water uptake 
on coal have been measured by two authors and are summarised in Table 2-1. 
Table 2-1: Effective water diffusivities on coal (Charrière and Behra, 2010; McCutcheon et al., 2003). 
Coal type 
T 
[K] 
relative 
pressures 
[/] 
grain 
size 
[mm] 
model 
uptake rate 
[cm³ min-1 g-
1] 
effective 
diffusivity  
[s-1] 
Source 
bituminous 299 0.05<0.9 <0.25 
empirical 
kinetic 
model 
0.07-0.015 10-2 - 10-3 McCutcheon 
high volatile 
bituminous, 
lignite 
298 0.1<0.9 
0.04-
0.25 
unipore 
model 
n.E. 10-4 - 10-5 Charriere 
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2.5 Dependence of CO2, CH4 and water sorption on coal properties 
2.5.1 The influence of coal composition on gas sorption 
Most sorption analyses of coal are carried out on dried samples and the sorption capacity is reported to this 
basis. These results can be modified to expressions having another basis, as illustrated in Figure 2-20. 
 
Figure 2-20: Relationship of different analytical bases to various coal components 
The moisture content of moisture-equilibrated coals is defined as the maximum water sorption capacity of 
the specific coal. The “as received” moisture content of coals is not a fixed coal specific value, because the 
moisture content is in equilibrium with the surrounding or environmental humidity. It depends on the 
oxygen content of the coal, because the functional groups represent more energetic sorption sites for 
water molecules. Therefore a coal with a higher oxygen content will have a higher “as received” moisture 
content. Derived from the thermodynamic equilibrium between the chemical potential of the water partial 
pressure in the free gas phase and the sorbed phase of water, it is obvious that the amount of occupied 
sorption sites is higher for a coal with a higher density of functional groups. If the water partial pressure is 
reduced using only drying agents without elevating the temperature, an “air-dried“ moisture content of the 
coal is achieved. The “air-dried” moisture content is the coal specific moisture content.  
Furthermore, the ash and total organic carbon (TOC) contents are sensitive to sample heterogeneity. Often 
an increase in minerals matter in sieve fractions (especially at particle diameters less then 100µm) is 
observed. 
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2.5.2 Total Organic Carbon (TOC) and ash content  
Weniger et al., 2010 confirmed recently that CH4 and CO2 sorption capacities on coal can be correlated with 
the total organic carbon content (TOC) (Figure 2-21). For carbon dioxide the linear regression showed a 
non-zero intercept, indicating a significant sorption capacity of the mineral matter for this gas species. This 
was not the case for CH4 (Weniger et al., 2010). These findings support our conclusion that CH4, CO2 and 
water compete for a part of all sorption sites (Figure 2-16).  
 
Figure 2-21: Sorption capacity of CH4 and CO2 as function of total organic carbon (TOC) (Weniger et al., 
2010). 
The sorption capacity of coal for CH4 and CO2 is negatively correlated with ash content (Bustin and Clarkson, 
1998; Faiz et al., 2007; Laxminarayana and Crosdale, 1999a; Laxminarayana and Crosdale, 2002; Yee et al., 
1993). From this observation we conclude that organic matter controls the CH4 and CO2 storage capacity. 
However the mineral content accommodates a small additional CO2 sorption capacity 
2.5.3 Coal Rank 
Besides the effect of mineral matter or ash content on the sorption capacity, the rank of coals and related 
coalification processes has an important impact on the CO2 and CH4 sorption capacity. In some rank ranges 
the maceral composition seems to be dominant.  
The study by Prinz, 2004 shows a parabolic shape for the CH4 sorption capacity of dry coals as a function of 
rank for the Ruhr Basin, Germany. For moisture-equilibrated coals, the CH4 sorption capacity shows a 
slightly linear increasing trend with rank. 
Laxminarayana and Crosdale, 2002 investigate the CH4 sorption capacity of Indian coals. Sorption isotherm 
analysis of dry samples showed that the sorption capacity follows a second-order polynomial trend with 
rank (0.62% up to 1.46% R0 max). Moisture-equilibrated samples showed a linear increase in sorption 
capacity with rank and a significantly reduced sorption capacity compared to dry coals. The observed 
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effective diffusivity (N  OP) decreased with rank. This was attributed to an increase in micro-porosity 
during coalification. Bulk coals (i.e. a coal sample with seam specific mixture of dull and bright layers) tested 
showed 2–3 times larger effective diffusivities than bright coals, while dull coals have intermediate values.  
Levy et al., 1997 suggest that the minimum in sorption capacity with rank may correspond to a coalification 
step, which occurs at around 87% fixed carbon. This step is characterised by a reduction in the oxygen and 
water content of the coal and an increase in methane release (Stach et al., 1982). More recent 
investigations Prinz and Littke, 2005; Prinz et al., 2001) have shown a minima in micropore volume of dry 
coals in the same rank range. This might be due to plugging of the micropore structure by liquid 
hydrocarbons in high-volatile bituminous coals, thus reducing its micropore volume At higher coal maturity 
these volatiles will undergo thermal cracking hence liberating surface area which results in an increased 
sorption capacity Rice, 1993.  
Further, Saghafi et al., 2007 considered the effect of rank on CO2 sorption capacity for the Sydney basin, but 
only up to pressures of 5 MPa.  
 
Figure 2-22: CH4 and CO2 sorption capacity of dry coals and the influence of rank. The two lines show the 
second-order polynomial fit for CH4 and CO2. The regression factor for methane is in an acceptable range, 
however for CO2 it is not.  
Because of the lack of sorption data of coals at higher coal rank, the reliability of Figure 2-22 and Figure 
2-23 has to be proven. So far, the crossover of the trend lines in these figures has no significant meaning. 
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Figure 2-23: CH4 and CO2 sorption capacity on moisture-equilibrated and as received coals as a function of 
rank. The two lines show the linear fit for CH4 and CO2. The regression factor for CH4 is in an acceptable 
range; however for CO2 the trend is weaker and dominated by the data point at high vitrinite reflectance.  
2.5.4 Dull/bright coals and maceral composition 
Besides coalification the primary composition of the coal has a significant influence on the pore structure 
and therefore on the sorption capacity. Different coal lithotypes have different sorption capacities, because 
the source material is different. Bright coal is vitrinite-rich and has a lower inertinite content, while the 
contrary holds for dull coal. This difference in source material results in different porosity, pore structure 
and therefore, also in different sorption rates (Laxminarayana and Crosdale, 2002). The effect of coal 
composition, particularly the organic fraction, on gas sorption has been investigated for several worldwide 
coal basins (Table 2-2). 
The gas sorption data from Gamson et al., 1996 suggests that both, dull and bright coals, can be divided 
into two categories: coals with rapid and coals with slow sorption behaviour. Further research on the effect 
of petrographic composition on CH4 sorption capacity showed that bright coals have a higher sorption 
capacity than dull coals of the same rank (Crosdale and Beamish, 1993; Lamberson and Bustin, 1993; Bustin 
and Clarkson, 1998; Crosdale et al., 1998a; Clarkson and Bustin, 1999; Laxminarayana and Crosdale, 1999; 
Mastalerz et al., 2004). Other authors found no correlation between sorption capacity and maceral 
composition (Carroll and Pashin, 2003; Faiz et al., 2007; Laxminarayana and Crosdale, 2002).  
Chalmers and Bustin, 2007 observed that for the CH4 sorption capacity the maceral composition is more 
important in high rank coals. It is found that the CH4 sorption capacity shows a moderate positive trend 
with microporosity and both increase with rank. Microporosity positively correlates with vitrinite content 
(in particular the telovitrinite (structured vitrinite) content). Furthermore, the same authors demonstrate 
that liptinite-rich samples show high CH4 sorption capacities but low micropore volumes, which might be 
attributed to the gas being held in solution. Due to a generally low liptinite content in coal, the effect of 
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liptinite on CH4 sorption capacity is superseded by the sorption capacity of more dominant macerals and 
therefore, the effect of liptinite has not been fully examined. For low-rank coals there is no significant 
difference between bright and dull samples except for one coal with the dull sample having a greater 
sorption capacity than its bright equivalent. For higher-rank coals, the bright samples have a higher CH4 
sorption capacity than the dull samples and the difference between sample pairs (bright and dull) increases 
with coal rank (Chalmers and Bustin, 2007). 
Table 2-2: World-wide coal basins investigated for gas sorption capacity. 
Basin  Country  Reference 
Bowen and Sydney Australia Laxminarayana and Crosdale, 1999a; 
Laxminarayana and Crosdale, 1999b; Levy et 
al., 1997 
Hunter Valley and 
Illawarra coal regions 
Australia Day et al., 2008a 
Sydney Australia Saghafi et al., 2007 
- India Laxminarayana and Crosdale, 2002 
Raniganj, Jharia, 
South Karanpura 
coalfield 
India Dutta et al., 2011 
Ruhr Basin Germany Prinz et al., 2001; Prinz et al., 2004 
Campine Basin Belgium Hildenbrand et al., 2006 
Upper Silesian Coal 
Basin 
 Busch et al., 2004a; Busch et al., 2006; Hemza 
et al., 2009; Kedzior, 2009; Weishauptová and 
Sýkorová, 2011 
Paraná Basin Brazil Weniger et al., 2010 
Argonne premium 
coals 
USA Busch et al., 2003a; Goodman et al., 2007b; 
Goodman et al., 2004; Kelemen and Kwiatek, 
2009; Mastalerz et al., 2004; Ozdemir et al., 
2004; Ozdemir and Schroeder, 2009 
 
From investigations of gas sorption uptake of activated carbon, metal organic frameworks and zeolites, it is 
well known that the specific surface area is inherently linked to the pore size distribution of a sample 
whereby the specific surface area progressively increases with decreasing pore size for samples with similar 
porosity. Therefore, vitrinite with high microporosity can store more CH4 than inertinite (Lamberson and 
Bustin, 1993; Beamish and Crosdale, 1995) because inertinite contains more macroporosity and less 
microporosity than their vitrinite equivalents (Unsworth, 1989). Similar studies with CO2 are not available, it 
can however be speculated that they will follow a similar trend as with CH4 because of the higher surface 
area in microporous vitrinite compared to more meso-/macroporous inertinite. 
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2.5.5 Temperature  
Sorptive surface coverage θ at a specific gas pressure decreases with increasing temperature as derived 
from thermodynamics. At the same time the sorption capacity also decreases with increasing temperature 
for the pressure range that can be realised in laboratories (up to 50 MPa). This has been observed on 
sorption isotherms for dry coals (e.g. Lama, 1998; Levy et al., 1997; Sakurovs et al., 2008; Crosdale et al., 
2008). However from thermodynamics the sorption capacity of a specific sample is similar for all 
temperatures at infinite gas pressures, assuming no change of the sample surface area over this 
temperature range. 
The impact of varying temperature on equilibrium constants like the Langmuir pressure K is given by the 
van 't Hoff equation: 
QR!SRTU VW  
∆A
             (2-17) 
or 
R!SRU W  
∆A
P            (2-18) 
The variation of the Langmuir pressure K must be isosteric at constant surface coverage θ. The enthalpy ΔH 
is negative, because sorption is an exothermic reaction. R is the universal gas constant. 
The surface coverage at constant gas pressure decreases with increasing temperature, however the 
magnitude of this decrease varies for all gases and depends on the sample/gas specific enthalpy of 
sorption. The gas with the highest sorption enthalpy will have the lowest decrease in sorption capacity. 
2.5.6 Isosteric heat of adsorption 
Isosteric heats of adsorption can be determined experimentally by measuring sorption isotherms at several 
temperatures. Here, isosteres are constructed by plotting the pressure as a function of the reciprocal 
temperature at a constant surface coverage θ. From the Clausius–Clapeyron equation, the isosteric heat of 
adsorption Qst is given by: 
X
  Y QR!RZTU[VW          (2-19) 
From a plot of ln p versus 1/T the sorption isostere is received, the slope can be used to calculate Qst. If the 
relative pressure p/p0 is used instead of p, the net heat of sorption is obtained according to: 
X
  X
 XG
         (2-20) 
while Qvaporisation is heat of vaporisation which is a fixed value for each gas. p0 is the saturation vapour 
pressure and R the universal gas constant. 
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The heat of adsorption for both CO2 and CH4 decreases slightly with increasing moisture content. A 
fundamental requirement of an equilibrium is that sorption sites are progressively filled (Figure 2-16 α, β 
and δ). The available higher energy sites for CO2 and CH4 on dry coal are already occupied when water is 
present, gas molecules will compete with water for the same sorption sites, namely the functional groups. 
This interpretation or hypothesis is contrary to some previous studies that have indicated no specific 
adsorption sites for CO2 (Amarasekera et al., 1995; Goodman et al., 2005). Other evidence supporting the 
view that CO2 may be preferentially sorbed at carboxyl functional groups was reported by Nishino, 2001. 
These sites would be among the first to be occupied by water and would therefore lead to a reduction in 
the heat of adsorption for both CO2 and CH4. Another hypothesis for the observed reduction in heat of 
adsorption is related to the suggestion that it increases with decreasing pore size (Stoeckli, 1990). In this 
situation, progressively filling the smallest pores which are highest energy pores by water molecules would 
reduce the heat of adsorption of CO2 and CH4.  
2.5.7 CO2 versus CH4 sorption 
Several studies report CO2 and CH4 sorption on the same coal sample under different moisture conditions 
to obtain information on the selectivity of the coal for either gas species. For all these datasets (Bae and 
Bhatia, 2006; Battistutta et al., 2010; Busch et al., 2003a; Busch et al., 2004a; Bustin, 2004; Chaback, 1996; 
Day et al., 2008c; Harpalani et al., 2006; Kelemen and Kwiatek, 2009; Li et al., 2010; Mastalerz et al., 2004; 
Pini et al., 2010; Reeves et al., 2005; Sakurovs et al., 2007; Weniger et al., 2010; Yu et al., 2008b) higher CO2 
compared to CH4 sorption was observed while the CO2/CH4 sorption ratio varies from 1.1 to 9.1 (Figure 
2-24). Interestingly a relative decrease in sorption ratio with coal rank can be observed for moisturized coal 
samples, having a ratio of ~9 at low coal rank and decreases to 1.2-1.5 for anthracite rank coals. For dry 
coal such a relationship with coal rank was not observed. Data scatter between ~1 and 3 for different coals 
maturities. 
For single gas measurements higher sorption of CO2 compared to CH4 was always observed for the same 
coal sample under the same pressure and temperature conditions. However a few mixed-gas sorption 
measurements reported preferential sorption of CH4 compared to CO2 specifically at low pressures (e.g. 
Busch et al., 2006; Busch et al., 2003c; Crosdale, 1999; Majewska et al., 2009). Other authors again report 
clear preferential sorption of CO2 from binary gas mixture experiments (e.g. Fitzgerald et al., 2005; Ottiger 
et al., 2008; Pini et al., 2010). The reason for the different observations is not explained in the literature and 
further work on gas mixture sorption on coal is recommended. 
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Figure 2-24: CO2/CH4 sorption ratio for different moist and dry coal sample at various temperatures as a 
function of coal rank. Values were picked between 1 and 5 MPa. Data fit for moist samples only (Bae and 
Bhatia, 2006; Battistutta et al., 2010; Busch et al., 2003a; Bustin, 2004; Chaback, 1996; Day et al., 2008c; 
Fitzgerald et al., 2005; Harpalani et al., 2006; Kelemen and Kwiatek, 2009; Li et al., 2010; Mastalerz et al., 
2004; Pini et al., 2010; Reeves et al., 2005; Ryan and Richardson, 2002; Sakurovs et al., 2007; Weniger et al., 
2010; Yu et al., 2008b) 
2.6 CO2 and CH4 sorption kinetics on coal 
Numerical modeling of the processes related to CBM and CO2-ECBM requires information on the kinetics of 
the sorption and desorption processes. In principle diffusion determines the rate of CH4 desorption for 
primary recovery and the rate of CO2 sorption for CO2 storage in coal. For CO2-ECBM both processes are of 
importance and the counter-diffusion of CH4 diffusing out of the coal matrix and CO2 diffusing into the coal 
matrix is determined by their respective sorption rates. 
In order to better understand sorption rates in coal the pore size distribution should be explained in more 
detail. Coal is a highly heterogeneous material that develops with burial in sedimentary basins while coal 
maturity increases with temperature. In coal, four different pore systems are commonly distinguished: 
cleat-porosity, macro-, meso- and micro-porosity. In each of these porosities different transport processes 
take place that need to be understood individually. Commonly, gas transport in coal is considered to occur 
at two different scales: (I) laminar flow through the cleat system, and (II) diffusion through the coal matrix. 
Flow through the cleat system is pressure-driven and may be described using Darcy’s law, whereas flow 
through the matrix is assumed to be concentration-driven and is modeled using Fick’s law of diffusion. Gas 
storage by physical adsorption occurs mainly in the coal matrix (Harpalani and Chen, 1997; Busch et al., 
2004a). 
In general, within the coal porous system three distinct diffusion mechanisms can be distinguished: (1) 
Diffusion described by Fick’s law where inter-molecular collisions between gas molecules (Brownian 
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motion) is the dominant mechanism. This process is significant for large pore sizes and/or high gas 
pressures; (2) Knudsen diffusion (concentration-driven) by collisions between the gas molecules and pore 
walls. It is important when the mean free path of the gas molecules is larger than the pore size. This 
process can be significant for small pore sizes and low gas pressures; (3) surface diffusion where sorbed 
molecular species move along the pore wall surface. This process is important in micropores with strongly 
sorbed gas species. 
van Krevelen, 1993 defines the matrix pore system as follows: 
• Macropores: The pore size is larger than the mean free path of the molecules. 
• Mesopores: The pore size is smaller than the mean free path of the molecules. 
• Micropores (< 2 nm): Activated diffusion 
It should be noted here that the mean free path length depends on temperature and pressure, so this 
classification cannot be applied to specific pore radii. 
This classification is further specified and classified by the International Union of Pure and Applied 
Chemistry (IUPAC, 2001): 
• Macropores: pores with widths exceeding about 0.05 µm (50 nm) 
• Micropores: pores with widths not exceeding about 2.0 nm (20 A)  
• Mesopores: pores of intermediate size (2.0 nm < width < 50 nm) 
In addition some authors proposed ultramicropores, defined as the interlayer spacing of the crystalline 
carbon structures (d002-spacing) which is <0.4 nm and decreases with rank (Hirsch, 1954; Prinz and Littke, 
2005). 
Using low pressure sorption techniques applying the BET method (Brunauer et al., 1938), Prinz and Littke, 
2005; Prinz et al., 2004 determined surface areas for meso/macropores (using N2) and for 
micro/ultramicropores (using CO2) on a suite of Carboniferous coals from the Ruhr Basin, Germany. This 
suite ranges in coal rank from high volatile bituminous (h.v.b.) to semi-antracite coals (Figure 2-25). In 
addition the same authors (Prinz et al., 2004) compared low-pressure N2 sorption with small angle neutron 
scattering (SANS) data and found similar results for the specific mesopore surface area of different rank 
coals from the Ruhr Basin, Germany (Figure 2-25). Further data indicates that significant amounts of closed 
porosity are only present in low-rank coals of the sample set studied. Further, they found that the 
microporosity increases with coal rank while at the same time meso/macroporosity decreases. This 
indicates that coal is dominated by a bimodal pore size distribution up to medium volatile bituminous 
(m.v.b.) and above this rank coals can rather be classified by a unimodal distribution (Figure 2-26). 
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Figure 2-25: Specific surface areas of meso and macropores as obtained from small angle neutron scattering 
(SANS, circles) and low-pressure N2 adsorption experiments (triangles and crosses refer to different 
evaluation methods) (after Prinz et al., 2004). 
 
Figure 2-26: Specific surface areas for meso/macropores and micro/ultramicropores determined on a suite 
of Carboniferous coals from the German Ruhr Basin (Prinz and Littke, 2005; Prinz et al., 2004). 
These porosity trends with coal rank should have implications on the sorption rate. It is indicated that a 
unipore approach is rather suitable for high rank coals while a bidisperse approach is better suited for 
lower rank coals. 
When evaluating the rates of gas sorption by manometric or gravimetric methods it should be kept in mind 
that the recorded pressure or weight changes only provide a net transfer rate within the closed system 
from the gas phase to the sorbed phase (gas uptake).  
2.6.1 Unipore sorption/diffusion models 
The unipore model is based upon the solution to Fick’s second law for spherical symmetric flow (Clarkson 
and Bustin, 1999b): 
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            (2-21) 
with the initial condition: 
]  0	_`	`  0	           (2-22) 
where r is the sphere radius (particle radius) and C the sorbate concentration within the sphere, D the 
diffusion coefficient and t is time. The model assumes isothermal conditions, a homogeneous pore 
structure and a non-dependence of the diffusion coefficient on concentration and location in the coal 
particle. 
There are several solutions to Fick’s Law used in the literature for gas diffusion in coal: For representing gas 
desorption from coal or gas sorption on coal, Clarkson and Bustin, 1999b and Pan et al., 2010 consider a 
sphere of radius r which is initially at a uniform concentration C1 while the surface concentration is 
maintained constant at Co. Then the total amount of substance entering or leaving the sphere is given by 
(Crank, 1975): 
M
a  1  bcP∑ eP fg% QO
PcP

P V;he          (2-23) 
where Mt is the total amount of the diffusing species at time t and M∞ is the total desorbed mass. 
It should be noted that the model assumes spherical, homogeneous coal particles of identical radius with 
smooth surfaces. Although this model is often referred to as “unipore model”, a pore system within the 
spherical particles and surface sorption on the pore walls is not explicitly assumed. 
Busch et al., 2004a (and applied in a similar form by Pone et al., 2009) used a diffusion model that assumes 
a sphere with radius r, placed in a fixed volume where the free volume (i.e. not occupied by the particles) is 
V. The concentration of sorptive gas in the free volume is always uniform and is initially C0. The initial 
concentration of sorbate within the spheres is zero. The total amount Mt of gas sorbed after time t is 
expressed as a fraction of the corresponding quantity M∞ after infinite time by the relationship (Crank, 
1975): 
M
a  1  ∑ bi"i9e&j9ji9klPiP fg%  Okl
P

P ;he         (2-24) 
here qn are the non-zero roots of: 
`_6 m  nkln9iklP           (2-25) 
and  
o  p
qcq
 r.1           (2-26) 
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For small times t a simplified model was used by Charrière et al., 2010, based on Carslaw and Jaeger, 1959: 
Ma  b√c OP `
e/E
           (2-27) 
Here a plot of Mt/M∞ versus t
1/2 will have a slope of 6(D/pi)1/2. This approach is used by Smith and Williams, 
1984b, c to obtain diffusion coefficients for CH4 desorption from coal seams. However it has limitations for 
CO2 rather than for CH4 as already noted by Charrière et al., 2010: When CO2 is expanding during a 
gravimetric or manometric sorption experiment into the measuring cell where the sample is placed (s. 
above) it will cool due to the Joule-Thompson effect. Especially at small times this cooling may have a large 
effect on the gas uptake curve, mass balance calculation or buoyancy correction (for gravimetric methods) 
and might therefore have a significant influence on the calculation of the diffusion coefficient. This effect is 
lower for CH4. 
2.6.2 Bidisperse sorption/diffusion models 
Bidisperse sorption/diffusion models can be used for coals that are characterized by two distinct pore 
systems (s. above). Ruckenstein et al., 1971 define these as an agglomeration of many microporous spheres 
that are contained in macropores (Figure 2-27). They developed a model which assumes a linear isotherm 
in both macro -and microspheres and a step change in the boundary concentration at the start of a 
sorption step. Model equations are provided in the original publication. A more detailed description of the 
bidisperse porous coal system was developed by Bhatia, 1987.  
 
Figure 2-27: Bidisperse pore model as defined by Ruckenstein et al., 1971. 
The Ruckenstein model was later extended to model gas flow and transport in fixed beds by Smith and 
Williams, 1984a to investigate methane desorption rates in coalbeds, and later by Shi and Durucan, 2003a; 
Shi and Durucan, 2003b to study the mechanisms of CO2-ECBM. 
Clarkson and Bustin, 1999b state that the Ruckenstein model cannot be applied for high-pressure sorption 
experiments. The reasoning is that the model assumes a step change in external (to sorbent particles) 
concentration of the diffusing gas at time zero, and that this concentration remains unchanged with time. 
This assumption is not true for constant volume, variable pressure sorption rate experiments. In addition 
CO2 and CH4 sorption isotherms are typically non-linear for natural coal which further limits the applicability 
of the Ruckenstein model. 
2ri
2ra
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Further bidisperse gas uptake models were used by various authors (Busch et al., 2004a; Clarkson and 
Bustin, 1999b; Siemons et al., 2007; Yi et al., 2008). The basic principle of all these approaches is similar 
although the complexity varies largely. Busch et al., 2004a use a linear combination of two first-order 
reactions and provide, in contrast to the unipore model, a perfect fit of the experimental pressure decay 
curves for gas uptake for a low-mature coal. They do not speculate on the properties of the two different 
pore systems for the combined sorption/diffusion but rather classify the transport as “fast” and “slow”. For 
volumetric gas sorption experiments the model proposed by Clarkson and Bustin, 1999b accounts for 
nonlinear sorption in the micropores, as opposed to the Ruckenstein model (Ruckenstein et al., 1971), and 
a time-varying gas pressure in the free gas volume in contact with the coal particles. Cui et al., 2004 used a 
bidisperse model based on previous work by Ruckenstein et al., 1971 and Clarkson and Bustin, 1999b. 
2.6.3 Results from CO2 and CH4 gas sorption kinetic experiments 
Sorption kinetic data are obtained by monitoring the rate of pressure equilibration during individual 
pressure steps of volumetric sorption tests or the rate of apparent weight changes during gravimetric 
sorption experiments. These measurements can be readily combined with the determination of sorption 
isotherms for the assessment of the gas sorption capacity (e.g. Clarkson and Bustin, 1999b).  
A summary of the various findings from sorption kinetic measurements are provided in Table 2-3. 
Ciembroniewicz and Marecka, 1993 performed CO2 sorption kinetic experiments on two Polish hard coals 
at temperatures below 35°C and pressures up to 0.065 MPa. Although the two coals were of similar rank, 
they exhibited different sorption kinetics. The sorption rate for one coal was significantly faster than for the 
other one while no significant difference in the rates was observed between sorption and desorption. 
Marecka and Mianowski, 1998 studied CO2 and CH4 sorption rates on semi-anthracite coal using different 
grain size fractions. They found decreasing sorption rates with increasing particle size (i.e. lower specific 
surface area), slightly increasing rates for increasing temperatures and higher rates for CO2 compared to 
CH4 (factor ~10-20). This latter observation is reported by almost all authors under all temperature or 
pressure conditions and for almost all coal samples and is typically attributed to the smaller kinetic 
diameter of CO2 compared to CH4 and the ability of CO2 to dissolve in the coal polymer structure (e.g. 
Charrière et al., 2010). 
Clarkson and Bustin, 1999a, b performed CH4 (dry and moist) and CO2 (dry) sorption kinetic measurements 
on different bituminous coals from the Gates formation in Canada. They found that diffusivities are 
generally higher for CO2 than for CH4 (for dry coals). The CH4 diffusivities on dry coals were faster than on 
the corresponding moist coals. Authors used a unipore and a bidisperse sorption kinetic model and found 
that for bright coals (vitrinite rich) with a uniform pore size distribution the unipore model was sufficient. 
The bidisperse model was found to better represent the observed gas uptake rates of dull or banded coals 
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(inertinite rich) with a more complicated pore structure. Further, authors found that the applicability of 
either the unipore or the bidisperse model depends on gas pressure. 
Busch et al., 2004a performed CO2 and CH4 sorption kinetic experiments on h.v.b. coal from the Upper 
Silesian Basin, Poland at 32 and 45°C. They reported faster sorption rates for CO2 than for CH4 and 
decreasing sorption rates with increasing grain size (<0.063 mm to 3 mm) while rates did not change 
significantly at grain sizes >100 µm. This indicates transport limiting grain sizes at a scale of ~100 µm, i.e. 
above this size small transport pathways in the form of cleats or cracks can trigger fast gas distribtution 
around the matrix blocks. Further, increasing rates for increasing temperatures and decreasing rates with 
increasing moisture contents have been reported. These findings are in agreement with a more recent 
study by Gruszkiewicz et al., 2009. Here similar sorption rates for the 5-10 mm compared to the 1-2 mm 
grain size fraction have been reported for either gas on h.v.b. coal from the Black Warrior Basin, USA. As in 
the study by Busch et al., 2004a rates increased with temperature and decreased with moisture. 
In another similar study, Li et al., 2010 found for three dry Chinese coals, ranging in rank from 
subbituminous to anthracite, faster sorption rates for CO2 compared to CH4 for measurements on most 
samples. No distinct differences in rates were observed for the three temperatures chosen (35, 45, 55°C). 
Rank was concluded to have a larger effect on sorption rates. Authors noted that for both gases, CO2 and 
CH4, rank has a more profound influence on sorption rates than temperature although no clear correlation 
was found as a function of coal rank (i.e. Li et al., 2010; Seewald and Klein, 1986). 
For a moisture-equilibrated h.v.b. coal, Cui et al., 2004 found decreasing sorption rates in the order 
CO2>CH4>N2 at 30°C while the difference between CH4 and N2 is small. Authors relate these changes to the 
differences in kinetic diameter of the gas species (CO2<N2≈CH4; 3.3Å<3.64Å<3.8Å, e.g. Shieh and Chunh, 
1999). The determination method of these kinetic diameters however, could not be found in the literature 
and therefore these values should be used with care. 
Pone et al., 2009 studied sorption rates under confined and unconfined conditions using powdered and 
solid coal for the unconfined measurements and different confining stresses (6.9 and 13.8 MPa) for 
confined experiments on coal plugs. For both gases, CO2 and CH4 they found reduced diffusivities (factor 
1.5) when increasing the sample size in the unconfined experiments and an even higher reduction in 
diffusivity when applying stress on the sample. The latter reduction was found to be proportional to the 
applied stress. 
2.6.4 Summary of sorption kinetic experiments with CO2 and CH4 
• Unipore and bidisperse gas transport models have been used to interpret and quantify observed 
gas uptake rates. Some are rather simple and some others more sophisticated. Although not 
generally confirmed, unipore models seem to better represent the sorption kinetics of high rank 
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coals (m.v.b. to anthracite) while bidisperse models better apply to low mature coals. This is in line 
with the observation that micropores increase and mesopores decrease with coal rank.  
• Diffusion coefficients for CO2 range from 10
-11 to-16 m2 s-1 and for CH4 from 10
-12 to 10-15 m2 s-1 (Table 
2-3).  
• Gas sorption rates in dry coals are faster than in moist coals under all experimental conditions. 
• Gas sorption rates increase with increasing temperature but seem to decrease with increasing 
surface coverage. 
• In general, CO2 sorption rates are faster than for CH4 on the same sample. One exception was found 
for a subbituminous coal (Li et al., 2010). 
• CO2 and CH4 sorption rates decrease with increasing grain size up to a certain limit. Above this limit, 
transport through micro-cleats in the coal matrix seem to become dominant. 
• Sorption rates under confining stress conditions are slower than under unconfined conditions. 
Although this was only reported by one author (Pone et al., 2009) it seems to be valid since it is a 
common finding for all kind of natural rocks that gas transport decreases with increasing effective 
stress. Experience from coal mining supports these observations: massive degassing of deep, 
stressed coal seams occurs only when the stress field is strongly disturbed due to mining 
operations. 
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Table 2-3. Sorption kinetic experiments performed by various authors (Busch et al., 2004a; Charrière et al., 2010; Ciembroniewicz and Marecka, 1993; Clarkson and 
Bustin, 1999a, b; Cui et al., 2004; Gruszkiewicz et al., 2009; Kelemen and Kwiatek, 2009; Li et al., 2010; Marecka and Mianowski, 1998; Pan et al., 2010; Pone et al., 
2009; Seewald and Klein, 1986; Siemons et al., 2007). h.v.b, m.v.b. and l.v.b are high, medium and low volatile bituminous coals. Diffusion coefficients derived from 
unipore or bidisperse models in chapters 2.6.1 and 2.6.2. 
Author Gas Coal Basin Coal rank Method Grain size (mm) dry/mois
t 
T (°C) P (MPa) Model D (m2/s) 
CO2 CH4 
Gruszkiewicz CO2, CH4, 
CO2/CH4 
Black Warrior 
Basin, USA 
h.v.b. manom. 0.045-0.15; 1-2; 5-10 dry, 
moist 
35, 40 1.4-6.9 graphical 
(P vs t) 
n.a. n.a. 
Busch CO2, CH4 Upper Sil. 
Basin, Poland 
h.v.b. manom. <0.063; 0.063-0.177; 
0.177-0.354; 0.354-
0.707; 0.707-2; ~3 
dry, 
moist 
32, 45 CO2 <6; 
CH4<10 
unipore, 
dual matrix 
porosity 
10-11 n.a. 
Charriere CO2, CH4 Loraine Basin, 
France 
l.v.b. gravim. 0.5-1 dry 10-60 <5 unipore 10-12 - 10-
13 
10-13 
Li CO2, CH4 Inner 
Mongolia, 
Henan, 
Shanxi, China 
subbitumin
ous, m.v.b., 
anthracite 
manom. 0.354-1 dry 35, 45, 55 <5 graphical 
(P vs t) 
n.a. n.a. 
Pone CO2, CH4 Western 
Kentucky 
Coalfield, USA 
h.v.b. manom. <0.25; cylindrical: d 2.5, 
l 6.2 
moist 20 3.1 unipore n.a. n.a. 
Pan CO2, CH4 Sydney Basin, 
Aus 
m.v.b. flow exp. cylindrical: d 25.4; l 
82.6 
dry, 
moist 
26 <4 unipore n.a. 
Marecka CO2, CH4 n.a. semi-anthr. volum. <0.032; 0.30–0.10; 
0.75–0.49; 1.50–1.00 
n.a. 20, 30 n.a. unipore n.a. 10-12 – 10-
13 
Ciembroniewicz CO2 Polish anthracite manom. 0.49-0.75 n.a. 16-35 <0.065 unipore 10
-12 – 
10-13 
n.a. 
Siemons CO2 Great Britain h.v.b.; semi-
anthracite 
manom. 0.04-0.06; 0.06-0.18; 
0.35-0.71; 0.71-2.0 
dry, 
moist 
45 <12 bidisperse 10-8 – 10-
12 
n.a. 
Clarkson CO2, CH4 Lower Cret. 
Gates Fm, 
Canada 
m.v.b. volum. <0.25; <4.76 CH4 dry, 
moist; 
CO2 dry 
30 <2 unipore, 
bidisperse 
10-11 – 
10-13 
10-12 – 10-
15 
Cui CO2, CH4, 
N2 
- h.v.b. manom. <0.25 moist 30 <7 bidisperse 10-11 – 
10-14 
10-14 – 10-
15 
Seewald CH4 Ruhr Basin, 
Germany 
h.v.b.; 
m.v.b.; 
anthracite 
volum. 0.04 to 1 in 9 fractions dry, 
moist 
0, 15, 50 <0.1 unipore n.a. 10-12 – 10-
14 
Kelemen CO2, CH4 Argonne 
Coals, US 
h.v.b., l.v.b. gravim. ~7mm3 dry 30, 75 1.8 unipore 10-13 – 
10-16 
10-14 – 10-
15 
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2.7 Conclusions 
This review summarizes the present state of knowledge on the interaction of CO2, CH4 and water with the 
coal matrix in the context of coalbed methane (CBM) and CO2-ECBM recovery. We aimed at summarizing 
the various qualitative and quantitative findings related to CO2, CH4 and water sorption on coal as well as 
related sorption kinetic data. Further we provided insights into experimental details of recording sorption 
isotherms and uncertainties related therewith. 
In the following, various aspects that still need to be researched for a better understanding of gas 
production from coal or gas storage into coal have been defined: 
• Gas sorption under reservoir stress conditions. Usually, in conventional sorption 
experiments no external stress is applied to the coal sample which only represents 
subsurface conditions in terms of temperature and gas pressure. Experimental effective 
stress acting on the coal sample changes sorption properties both in terms of sorption 
amount and in terms of time to reach equilibrium between the sorbate and the 
sorbent. 
• Gas sorption from binary mixtures. Most literature sources report single gas CO2 and 
CH4 on one coal sample while the amount of either gas sorbed at a certain pressure is 
calculated using the extended Langmuir approach. Indications from few authors exist 
that gas mixture isotherms may provide different results. 
• Matrix CO2/CH4 counter diffusion. The timing of gas exchange in the coal matrix for 
CO2-ECBM is determined by CO2 sorption rates and CH4 desorption rates. These 
processes happen simultaneously and very limited data is available for recognizing the 
significance of counter diffusion for CO2-ECBM. 
• Calculation of absolute from excess sorption isotherms. This calculation depends on the 
sorbed gas density which cannot be determined directly. Therefore literature values 
like the density at the liquid boiling point, the van der Waals density or a graphical 
method is used. Although absolute CH4 sorption does not differ significantly from 
excess sorption there are large discrepancies when applying this method to CO2 
sorption isotherms using different CO2 sorbed phase density values especially at 
elevated pressures (above e.g. 10 MPa). 
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3 Gas saturation and CO2 enhancement potential of coalbed methane 
reservoirs as a function of depth 
3.1 Introduction 
World gas consumption has steadily increased over the past decades leading to a depletion of conventional 
gas reserves. The end of nuclear power generation in Germany in 2022 will bring about an increase in gas 
consumption especially if CO2 reduction will be part of the European energy strategy. Due to the fact that 
natural gas has the smallest carbon footprint of the conventional energy sources (like oil, coal, etc.), its 
importance will increase. In the future gas supply can only be maintained if additional gas resources are 
utilized. In this context, gas production from unconventional reservoirs has substantially increased in recent 
years, especially in the USA and Australia. In Europe exploration of these unconventional reservoirs, 
including tight gas, coalbed methane and gas-shales, has greatly expanded over the last decade Littke et al., 
2011a.  
Often during exploration campaign coal seam dips have to be considered. The change in saturation due to 
new p,T conditions can be estimated by using the sorption enthalpy and entropy of the adsorption process. 
This paper will provide some fundamental considerations and observation which will show how saturation 
and recovery potential will change with depth. 
Hydrocarbons in coal seam gas are derived from either thermal breakdown of kerogen or microbial 
generation processes (fermentation and/or CO2 reduction). The gas in place (GIP) content of coal seams is a 
crucial parameter determining the economics of a gas resource. According to the Gas Research Institute 
(GRI, 1995#933) CBM gas-in-place estimations take into account: (1) a sorbed phase in which gas molecules 
have a net attraction to the coal matrix and have a density that approaches that of a liquid nsorbed [mmol g
-
1]), (2) free gas within the pores and natural fractures (nporosity [mmol g
-1]) and (3) gas dissolved in formation 
water in the coalbed (nformation water), which is considered negligible for methane:  
uvw  (	,!8		!Zxyz{|}~ * xz{zy * xz{zx	}{[     (3-1) 
Another important parameter is the present-day gas saturation, defined as the ratio of the gas content of 
the coal seam (per unit mass or volume) and the maximum sorption capacity. Gas saturation indicates how 
much gas can be produced and how big the recovery factor will be.  
  xzx|yz} ≡
x~}yz{||}{}~}~ 9xz{zy9xz{zx	}{xz	}        (3-2) 
However, the methane saturation is often an error-prone value and difficult to determine since it cannot be 
derived directly from well logs Diamond and Schatzel, 1998b; Mares et al., 2009; Mavor, 1995. Gas content 
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is usually determined by canister desorption, while the sorption capacity as a function of pressure and 
temperature is determined by high-pressure sorption experiments.  
The amount of compressed gas nporosity [mmol g
-1], which is stored in the open porosity of coal is usually 
determined during drilling and mainly depends on water saturation. However the laboratory estimation of 
porosity (using low pressure mercury injection in combination with helium pycnometry) is usually done 
without external confining stress; porosity values determined by mercury injection on coals tend to be 
unreliable; therefore, due to pore elasticity, cleat volume compressibility and different penetration 
properties, porosity values are generally overestimated for coals. 
Recent studies indicate, however, that rather than the composition and rank of the organic matter, water 
content has a dominant or even overriding effect on the gas storage capacity of coals Busch and 
Gensterblum, 2011. To account for this effect and arrive at more realistic values for sorption capacities, 
sorption measurements are increasingly performed on moisture-equilibrated samples (Clarkson and Bustin, 
2000; Crosdale et al., 2008; Day et al., 2008c; Goodman et al., 2007a) and a summary is provided by Busch 
and Gensterblum (2011). The dramatic influence of water content on methane storage capacity of coals is 
illustrated in Gensterblum 2012 (submitted). The methane sorption capacity of moisture-equilibrated coals 
is only in the order of 40-60% of the sorption capacity of the dry samples Busch and Gensterblum, 2011. 
Usually the sorption capacity of the “as received” coals varies between these two values.  
Figure 3-1 illustrates the theoretical gas content in the accessible porosity (free of water) as a function of 
depth using the Setzman and Wagner EOS for CH4. The assumed coal matrix density is 1.4 g cm
-3. A thermal 
gradient of 0.03 K/m and a hydrostatic gradient of 0.01 MPa/m have been assumed. The content of 
dissolved gas in the formation water (nformation water, mmol g
-1) is very low (Duan et al. 1992; however, for CO2 
it is not Duan and Sun, 2003) and is a function of brine salinity, pressure and temperature. The solubility of 
CH4 decreases with increasing salinity of the formation water O'Sullivan and Smith, 1969. 
In order to determine the desorbable gas content needed for the GIP determination, the lost gas (nlost gas, 
mmol g-1) is the gas desorbed while bringing the core sample to the surface during drilling and sealing it 
into desorption canisters (lost gas time) Smith and Williams, 1984c. Therefore nlost gas is an empirically 
assumed value. It is commonly determined by backward extrapolating the measured desorbed gas data 
points collected at reservoir temperature over the lost gas time interval to time zero Metcalfe et al., 1991. 
Determining the lost gas volume requires a very accurate determination of the desorbed gas (ndesorbed). The 
desorbed gas is commonly measured by determining the amount of desorbed gas ndesorbed during a canister 
desorption test. The residual gas content nresidual [mmol g
-1] remains in the coal sample at the conclusion of 
canister desorption measurements. It is commonly measured by pulverising the sample and measuring the 
released gas content. This results in the total desorbable gas [mmol g-1]: 
6!	
  6!
	 * 6 * 6! 	     (3-3) 
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It is important to be aware that not all of the desorbed or residual gas has to be methane. Additional gas 
composition analysis is required. The residual gas content is also crucial for the gas recovery estimation, 
because due to the strong “trapping” the residual gas content is an indicator for the amount of 
unproducible gas content. There are several methods to determine the sorbed gas content Diamond and 
Schatzel, 1998b. By substituting equation 3 into 2 we obtain the predicted in-situ gas saturation. 
	
  1-M	I.-9 2-KL2 9K2- .190K-M9K/.Ml	.M2K.L-1M2     (3-4) 
 
Figure 3-1: Calculated CH4 storage capacity in the gas-saturated porosity of the coal seam (assumed coal 
density 1.4 g/cm³) using the EOS for methane Setzmann and Wagner, 1991. Additionally we calculate the 
dissolved CH4 content in the formation water (brine) (in grey). A thermal gradient of 0.03K/m and 
hydrostatic pressure gradient of 0.01MPa/m was used for the calculations (1 mmol/g = 24.5 Std. m³/t). We 
did not take into account the compaction of the coal or sediment during burial. Therefore we keep the 
porosity constant with depth. 
Sorbed gas is the main storage mechanism for coalbed methane because of the low solubility of CH4 in 
water and the generally low porosity of coal seams (Figure 3-1). It has been documented by numerous 
studies that the sorption properties of coals vary systematically with rank and maceral composition (e.g. 
Busch and Gensterblum 2011). Due to the observation that the sorption capacity also strongly depends on 
the moisture content Crosdale et al., 2008; Day et al., 2008c, which ranges between ”as received” and 
(moisture) saturated, determining the sorption capacity on such coals becomes more complicated 
Goodman et al., 2007a (Figure 3-2).  
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Figure 3-2. Schematic illustration of the CH4 sorption isotherm, the amount of producible gas and the 
influence of the CH4 sorption enthalpy. Different sorption enthalpy could occur for CH4 sorption on a dry, ‘as 
received or moisture-equilibrated coal sample. The highlighted pressure levels are PR for initial reservoir 
pressure prior to production and PA for abandonment pressure, which is the reservoir pressure at the end of 
production. 
An oversaturated coal seam would be highly beneficial; albeit, they are rather rare (Figure 3-3). 
Oversaturated coal seams occur when the amount of generated gas is higher than the loss of gas due to a 
change in the sorption capacity as a result of basin uplift, migration, and diffusion. Therefore, the coal seam 
has to be low-permeable with low diffusion coefficients for the coal matrix to maintain high CH4 
concentrations over geological time scales and/or should be covered by an efficient caprock. In general the 
geological reasons for oversaturated seams could be a special geological reservoir situation in combination 
with very low permeable cap rocks and/or high microbial gas generation, according to the observation by 
Krooss et al., 1988b and Clayton, 1998 Faiz, 2004. An alternative and more likely experimental reason could 
be an apparent oversaturation. The adjusted moisture content of the sorption isotherm determined in the 
laboratory is higher than that within the coal seam Diamond and Schatzel, 1998a; Mares et al., 2009; Zhao 
et al., , hence lower sorption capacities compared to the in-situ capacities are determined.  
The reasons for undersaturated coal seams are simply that less gas from neighbouring or the same coal 
seam was generated than the coal could adsorb or that a certain amount is lost because of burial and uplift 
or dissolution of CH4 in formation brine. Scott, 2002 explains this as an interplay of coalification, gas 
generation, the hydrogeological situation and burial history. Experimental errors and their impact should 
also be considered. Experimental gas sorption isotherms are very sensitive to the he moisture content of 
the coal Goodman et al., 2007a. Due to this fact, moisture content is an important parameter affecting 
sorption capacity determination. Figure 3-2 illustrates that with increasing Langmuir pressure, productivity 
improves, because the amount of gas, which will desorb is higher for the same production pressure. 
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Figure 3-3. Schematic illustration of the methane sorption isotherm, the degree of saturation and the 
amount of producible gas (modified after Bustin and Bustin, 2008). The two dots mark the amount of gas 
stored at reservoir pressure. The highlighted pressure levels are the initial reservoir pressure PR, the initial 
desorption pressure PD (also called critical desorption pressure Ayers, 2002), and the abandonment pressure 
PA. 
The most favoured explanation for undersaturated coal seams is uplift. This argumentation however, 
mainly depends on the sorption enthalpy and the temperature gradient in the respective basin (Figure 3-4). 
At maximum burial depth and temperature, Tmax, 2 - 4 times more gas can be generated than the coal can 
possibly adsorb (Clayton, 1998; Jüntgen, 1987; Kotarba and Rice, 2001; Rice et al., 1993). It is assumed that 
the coal at maximum burial depth is either fully or oversaturated. During uplift and exhumation, hydrostatic 
pressure and temperature decrease. Assuming a closed container, the amount of gas sorbed in the 
micropores and present in the pore system remains constant. Under certain geological conditions 
additional gas may be generated by microbial activities. It is commonly assumed that the sorption capacity 
will increase during uplift, because sorption is an exothermic process (Figure 3-4, solid line). This leads to an 
undersaturated coal seam. However, it is the consideration between Langmuir pressure and heat of 
adsorption which have to be made. Therefore, due to the decreasing hydrostatic pore pressure and the 
presence of water, the sorption capacity as a function of depth is more complex (Figure 3-4, dashed line).  
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Figure 3-4. Schematic illustration of the CH4 sorption capacity (same n∞) with depth and influence of 
isosteric heat of adsorption on the Langmuir pressure caused by a dry (dH=-28kJ mol-1; ln(K)= 11.5 and n = 
0.9mmol g-1) and moisturised sub bituminous coal (dH=-14 kJ mol-1; ln(K)= 7 and n = 0.9 mmol g-1) 
(Gensterblum et al. 2012) (1 mmol/g = 24.5 Std m³/t).  
Beside these considerations for equilibrated geological systems, we need to consider the coalification 
process as a function of burial history (Equation 5). Obviously, the sorption capacity is a function of coal 
maturity Busch and Gensterblum, 2011. The coalification during burial will change the maturity or rank 
Rmax. The coalification is exclusively a function of temperature T and coalification time t.  
R
R  <"`, #"&, #)& ∙ Y)           (3-5) 
Nevertheless, the correction factor k, which is specific for each basin, must be applied to determine the 
actual coalification time. This factor is equal to the ratio of the time integral of the burial history and the 
product of exposure time to gas generated and maximum temperature which is a function of burial depth. 
Besides methane, some coal basins contain significant amounts of CO2, which can even be the dominant 
gas component like in parts of the Silesia Basin Kotarba and Rice, 2001 or the Sydney Basin (Faiz, 2007; Faiz, 
2006). The source of CO2 in coalbed gases can be attributed to (i) decarboxylation reactions of kerogen and 
soluble organic matter during burial heating of the coal Boudou et al., 2008, (ii) mineral reactions, like 
dissolution of carbonates, thermal decomposition or metamorphic reactions, (iii) bacterial oxidation of 
organic matter Suess and Whiticar, 1989, and (iv) migration from deep-seated sources like magma 
chambers or from the upper crust Kotarba and Rice, 2001.  
This study provides some observations to improve the sweet-spot identification related to coalbed 
methane and CO2 enhanced coalbed methane. Furthermore the methane saturation change during uplift 
will be calculated. Finally, CO2 storage and CH4 recovery potential based on the sorption isotherms at three 
different temperatures will be calculated. 
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3.2 Samples and sample preparation 
To investigate the effect of rank on the sorption enthalpy and entropy, three coal samples of different 
maturity were used in this study. Two German coals samples of intermediate and high rank from the Ruhr 
basin and a low rank coal from the Surat basin, Queensland, Australia.  
3.2.1 Geological setting  
The Prosper Haniel and Ibbenbüren coal samples were obtained from two German coal mines in the Ruhr 
Basin and are of Upper Carboniferous (Pennsylvanian) age. These coals formed in the paralic foredeep of 
the Variscan foldbelt Walter, 1992. Because of the complex burial history of the Ruhr basin, the coals show 
a wide range of rank from high-volatile bituminous (hvb) coal to anthracite. The Westphalian B seams of 
the Prosper-Haniel mine contain high volatile bituminous coal. Within the Prosper Haniel mine, located 
near Bottrop, coal seams are mined down to a depth of 1200 m. The sample used in this study was 
obtained from a depth of 915 m and has a random vitrinite reflectance VRr of 0.93% (Table 3-1). It is a sub-
sample from the one used in the study by Kempka et al., 2011. 
The Ibbenbüren deposit is located at the southern edge of the Lower Saxony Basin (LSB) and is also of 
Upper Carboniferous (Pennsylvanian) age. It represents an isolated uplifted block, which was exposed to an 
intense secondary coalification by the so-called Bramsche Pluton. The Ibbenbüren coal is of anthracite rank. 
Details of the complex history of burial and uplift are still under discussion Senglaub et al., 2005a; Senglaub 
et al., 2005b; Senglaub et al., 2006. Basin modelling studies suggest a maximum burial depth of the coal 
seams of 4500 to 5000 m during late Carboniferous/early Permian time Senglaub et al., 2005a. Anthracite is 
mined in Ibbenbüren at a depth down to 1650 m below surface. Gas contents of the anthracite are 
generally high but vary among seams and also show lateral variations. Mining strategies have been 
optimized to allow for gas drainage of notoriously gas-rich seams by underground boreholes from over- and 
underlying workings. The Ibbenbüren anthracite sample was taken from Seam 74 at 1200m depth and has a 
vitrinite reflectance of 3.3%.  
Table 3-1. Samples used in this study 
Location Basin 
Lithostratigraphic 
Units 
Age Seam Vit.Ref. Rank 
QLD 
Australia 
Surat 
Basin 
Taroom Coal 
measures 
Middle Jurassic Condamine 0.5 
sub-
bituminous A 
Prosper 
Haniel mine  
Germany 
Ruhr 
basin 
Westphalia B Pennsylvanian K 0.93 
high volatile 
bituminous 
Ibbenbüren 
Germany 
Ruhr 
basin 
 Pennsylvanian 74 3.3 anthracite 
Coalbed methane is produced from the Surat basin in Australia since 2007. The Walloon Subgroup is well 
developed across the eastern Surat Basin and crops out along the NE margin of the basin Scott et al., 2007. 
The coals from the Wallon Subgroup are of middle Jurassic age. The sub-bituminous coal sample 
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investigated (VRr=0.5%) is taken from a cored well and belongs to the Condamine Seam, which is part of 
the Taroom coal measures.  
Sample preparation 
For measurements on powdered coal material, crushed samples were divided and aliquots were ground to 
pass a sieve size of 2 mm. The coal samples were subdivided into four different particle-diameter fractions 
(0.177–0.354, 0.354–0.5, 0.5–1.0 mm and greater than 1.0 mm). The sieve fraction below 0.177 mm was 
discarded, because it is considered to be enriched in mineral fragments compared to the larger size 
fractions. For sorption measurements, the sieve fraction of 0.5 to 1mm was used. The coal samples were 
moisture-equilibrated in a desiccator over periods of 5 to 14 days at a relative humidity of 97% provided by 
a potassium sulphate solution (K2SO4), ASTM procedure 1412-99. The sample material was then transferred 
immediately into the adsorption cell. An aliquot was used for determination of the moisture content. A 
summary, including available data for proximate and ultimate analysis, is provided in Table 3-2. 
The equilibrium moisture contents for the high volatile bituminous coals and the anthracite are relatively 
high compared to data reported by Busch and Gensterblum (2012). However the values are averages of 9 
to 11 measurements and the standard deviations indicate their accuracy and reproducibility. Therefore 
they are considered reliable. 
Table 3-2. Ultimate and proximate analysis of coal samples used in this study 
 
QLD Australia 
(Sub-bit. A) 
Prosper Haniel mine  
Germany 
(High volatile bit.) 
Ibbenbüren 
Germany 
(anthracite) 
Volatile mater: + (%) 43.5±0.4 31.7±1.2 6.0 
Fixed carbon: + (%) 49.5±0.1 58.0±1.7 88.2 
Ash content:
 +
 (%) 3.5±0.2 7.3±2.2 5.8 
As received (%) 
moisture content 
3.6±0.2 3.0 ±0.2 0.85 
Equilibrium moisture* (%) 6.4±0.1 4.0±0.5 4.8 ±0.3 
Vitrinite / huminite (%) 61.4 69.3 ±3.2 83 
Liptinite (%) 31.4 7.1 ±2.3 0 
Inertinite (%) 0.6 14.6±4.0 17 
Mineral matter (%) 6.6 8.7±1.4 n.a. 
Vit.ref. 0.5 0.93 3.3 
* Equilibrium moisture content at 97% humidity 
+ dry basis 
3.3 Experimental and conceptual procedure 
All experimental sorption data reported here were obtained using the manometric method. The set-up 
used for sorption isotherm measurements and for determining sorption kinetics is explained in detail by 
Busch and Gensterblum (2011). Further experimental details on this method were reported by 
Gensterblum et al. (2009, 2010). 
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Free phase gas densities of CH4 and CO2 as a function of pressure and temperature were calculated using 
the GERG multi-component equation of state (EOS) Kunz et al., 2007 that provides also mixture densities 
for CO2/water and CH4/water.  
For quality reasons and to test consistency of the experimental results, volume calibrations of the 
experimental set-up were performed with different gases (He, CH4 and CO2) by successive expansion steps 
and using the GERG EOS for the corresponding gas. 
3.3.1 Parameterisation of experimental sorption data 
The Langmuir equation (Langmuir, 1918) is frequently used as a first approach to describe gas adsorption 
on solid surfaces as a function of pressure and at constant temperature (sorption isotherms).  
6"%&  6;  J79	          (3-6) 
Here n(p) [mmol g-1] is the amount of substance adsorbed at pressure p [MPa], n∞ [mmol g
-1] is the amount 
of substance adsorbed at infinite pressure and PL [MPa] is the Langmuir pressure (pressure at which half of 
the sorption sites are occupied). The underlying assumptions (monomolecular coverage, energetically 
identical sorption sites etc.) are discussed in Langmuir (1918) and textbooks on sorption science. 
In the derivation of the Langmuir equation the volume of the adsorbed phase is usually neglected. This is 
justified in low-pressure sorption experiments where the density of the adsorbed phase is much higher 
than the density of the free gas phase in equilibrium with it. In high-pressure sorption experiments the 
density difference between the free gas and the adsorbed phase is much smaller and the volume of the 
adsorbed phase has measurable effects in the experiments: in the manometric and volumetric methods it 
reduces the void volume of the measuring cell and in the gravimetric method it generates additional 
buoyancy. By explicitly taking into account the volume of the adsorbed phase (which is proportional to the 
absolute amount of substance adsorbed) at a given pressure, the following equation for the experimentally 
measurable excess sorption can be derived: 
6)	"%&  6"%& ∙ 1  4K224. -KL2 	        (3-7) 
Here ,  is the density of the free gas phase, which is usually accurately known for given pressure and 
temperature conditions, and , is the density of the adsorbed phase. The excess sorption 
6)	"%& is the parameter that is determined experimentally Sircar, 1999. It constitutes the net effect of 
removing gas molecules from the free phase and depositing them on the surface of the sorbent (formation 
of an adsorbed phase) and simultaneously increasing the volume of the “condensed phase” (sorbent + 
adsorbate) by an unknown amount. In Equation 7, n(p) denotes the “absolute sorption”. The absolute 
adsorption has the property of increasing monotonously with increasing gas pressure and approaching a 
saturation when p→∞.  
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It is evident that for low gas pressures, as ,  approaches zero, the difference between excess sorption 
and absolute sorption vanishes. 
Taking the Langmuir equation as a model equation for absolute sorption, combination of Equations 6 and 7 
yields: 
6)	"%&  6;  J79 ∙ 1 
4K22
4. -KL2 	       (3-8) 
In Equation 8 the Langmuir function may be replaced by any other reasonable “absolute sorption” function. 
The absolute sorption cannot be determined directly from sorption experiments because the density of the 
adsorbed phase ( , ) is not known, consequently this parameter has to be estimated. It was found 
experimentally that the adsorbed phase density for methane on silica gel is close to the inverse of the van 
der Waals volume (bvdW = 0.04286 and 0.04301 L/mol Weast, 1972) of the adsorbate Humayun and 
Tomasko, 2000. The interaction parameters between CO2 and silicia are slightly different those for CO2 and 
carbon atoms. However many experimental studies use 1027 and 373 kg m−3 for CO2 and CH4 as reasonably 
good approximations, respectively (Gensterblum et al., 2010; Gensterblum et al., 2009). 
3.3.2 Temperature-dependence of gas sorption isotherms  
While the (excess) sorption isotherms describe the pressure-dependence of gas sorption on solids, the 
temperature dependence has to be accounted for as a relevant parameter in geological systems. In general 
only the Langmuir pressure (PL) is considered to be temperature-dependent (Equation 9). For dry coals the 
amount of sorption sides is constant over wide temperature ranges. However for moisturised coals the 
situation is more complicated because the sorption sites are partly occupied by water molecules. The 
amount of sorbed water molecules at a defined partial pressure depends also on the temperature.  
:"#&  'fg% ∆A7 
6;"#&  6;,h'fg% ∆Al 
         (3-9) 
where n∞(T) and PL(T) are sorption capacity and Langmuir pressure at temperature T and at a constant 
moisture content. Due to the fact that water sorption enthalpies on coals are much higher than those of 
methane (HKL and HN) the total methane sorption sides (total sorption capacity) n∞ are here kept constant 
(∆HN=0) for the temperature range of this study (Equation 10): 
6;"#&  6;
,; "#&  ,' "#&          (3-10) 
Therefore we use 7 degrees of freedom (n∞,PL,T=303K,PL,T=319K,PL,T=334K, ρT=303K, ρT=319K, ρT=334K) for CH4 and CO2 
Isotherms at three different temperatures. The quality of the fit by using equation 9 and 10 is shown in the 
appendix (Figure 3-11 and Figure 3-12). 
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3.3.3 In-situ gas sorption capacity of coal seams 
Gas sorption capacity of coal seams is primarily controlled by the in-situ moisture, pressure and 
temperature conditions. The relationships for the temperature dependence of the parameters of the 
excess sorption isotherms can be used to compute the sorption capacity of the coal for individual gases as a 
function of depth. 
If a relationship for the change of sorption capacity with coal rank is established and incorporated into the 
calculation scheme, too, then the dynamic evolution of the sorption characteristics of a coal seam 
throughout its burial history can be reconstructed Bustin and Bustin, 2008; Gensterblum et al., 2009; 
Hildenbrand et al., 2006, Weniger et al., 2012). 
3.3.3.1 Static case (present-day sorption capacity of a coal seam of known coal rank and depth) 
A geothermal gradient of 0.03 K/m with a surface temperature of T0=288K (15°C), and a hydrostatic 
pressure gradient of 0.01 MPa/m were chosen to represent temperature and pressure conditions for a 
hypothetical CBM reservoir as a function of depth. Methane sorption isotherms were measured at 303, 
318, 333, and 348 K corresponding to reservoir depths of 500, 1000, 1500, and 2000 m, respectively. 
Sorption capacities for shallower and deeper depths have been extrapolated.  
3.3.3.2 Dynamic case (evolution of sorption capacity with burial history) 
The Langmuir parameters and the CH4 and CO2 sorption enthalpies determined for moisture-equilibrated 
coals were taken from Gensterblum et al. 2012 (Table 3-1 to Table 3-3 and  
Table 3-5 to Table 3-7). This reference also provides more details about the fitting procedure as well as 
aspects regarding the evaluation and assumptions that have to be made. 
The sorption capacity as a function of depth n(z) is also a function of thermal T(z) and pressure gradient p(z) 
with depth of each specific basin. For simplicity a time-invariant linear geothermal gradient and a 
hydrostatic pressure gradient were assumed in this calculation (Equation 11). 
6"&  6"%"&, #"&&  6;"#"&& Q %"&:"#"&& * %"&V 
#"&   ∙  * #' 
%"&   ∙  * %'          (3-11) 
Where  and γ are temperature and hydrostatic pressure gradients, respectively and T0 and P0 are surface 
temperature and pressure, respectively. Integration of into the Langmuir equation leads to Equation 12. 
6"&  6;fg%  ∆Al"∙93& ∙93J3) ∆ ¡"¢∙£¤U3&9∙93¥      (3-12) 
As argued above, the Langmuir volume for methane should be independent of temperature especially for 
the small temperature range used in this study. Equation 12 has been simplified accordingly. Further, since 
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the available experimental temperature range is limited (303-349 K) it is important to verify the equation 
used for extrapolation to higher pressures and temperatures.  
n"z&  6;  ∙J3) ∆ ¡"¢∙£¤U3&9∙¥        (3-13) 
The thermal gradient ϑ was varied between 2 and 4 K per 100 m; the surface temperature T0 was chosen as 
15°C. The hydrostatic gradient was kept constant at 1 MPa per 100 m. Formation fluid density was kept 
constant at 1 g/cc. It must be considered that at greater depths, water density decreases with increasing 
temperature but usually increases with increasing salinity. These changes are, however considered to be 
minor for the purpose of this study and have been disregarded.  
Equation 14 is an empirical formula after Barker and Pawlewicz, 1994 describing the correlation (coefficient 
r²=0.7 and sample n>600) between vitrinite reflectance VRr and maximum temperature Tmax for humic 
organic matter Schoenherr et al., 2007. Kinetic aspects of the hydrocarbon gas generation during the 
coalification process are not considered Burnham, 1979a, b; Burnham and Sweeney, 1989; Cramer et al., 
1998; Krooss, 1988; Krooss et al., 1995 
#),8	!  ¨©¡Ke,bª','eEF          (3-14) 
Consequently, following equation 11 and 14 the maximum temperature was 362K, 403K and 504K for the 
sub bituminous A, high volatile bituminous and the anthracite coal respectively. Assuming a thermal 
gradient of 3K/100m, this leads to maximum burial depths of ~2500m, 3900m and 7300m, respectively. 
Therefore a representative temperature gradient for the specific basin is important and a sensitive 
parameter for this saturation considerations.  
In order to calculate maximum CH4 saturations as a function of basin uplift starting at maximum burial 
depth we use the conceptual simplified model shown in Figure 3-5. At maximum burial depth, the 
generation rate of thermogenic methane reaches its maximum. The total amount of gas generated is 2-4 
times the sorption capacity, e.g. Hunt and Steele, 1991; Tang et al., 1996). Recently Heim and co-workers 
investigated the gas genesis potential for the anthracitic coal sample used in this study Heim et al., 2011. 
Therefore 100% CH4 saturation of coal can be expected at maximum depth. The excess of generated gas 
will lead to an overpressure and/or will migrate into neighbouring formations. Gas saturation during uplift 
is calculated using the sorption capacity as a function of depth and the amount of methane sorbed at 
pressure and temperature conditions at maximum burial depth (2500m, 3900m and 7300m). However, the 
maximum burial depth for the anthracite is not in line with study of Senglaub et al 2005 where due to the 
Bramsche Pluton a lower maximum burial depth of roughly 5000m. Therefore we choose for the Senglaub 
model pmax=50MPa and Tmax=505K.  
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Figure 3-5. Conceptual design of the evolution of the in-situ gas saturation of coal seams as a function of 
maturity and thermal gradient. 
3.3.4 Gas recovery potential of coal seams 
Equation 3-15 can be used to calculate the recovery potential as a function of burial depth. By subtracting 
the residual gas amount at abandonment pressure pA from the CH4 sorption capacity at critical desorption 
pressure pD, the estimated amount of gas recovered can be obtained (see Figure 3-3). The abandonment 
pressure pA is commonly controlled by the installed gas peripheral equipment of the CBM field. 
n"z&  6; « ¬S3) ∆ ¡"¢∙£¤U3&9¬  
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¥®	      (3-15) 
3.4 Results and geological implications 
The isotherms of all samples show a clear increase in CH4 Langmuir sorption capacity n∞ as a function of 
rank (Table 3-3 to Table 3-6 for CH4). Table 3-3 to  
Table 3-5 show the fitted Langmuir parameters for CH4 sorption on three (moisture-equilibrated) coals at 
three different temperatures 303, 319 and 334K, respectively. We observe that the Langmuir pressure KL 
decreases with rank.  
Table 3-3. Fitted Langmuir parameters for methane excess sorption isotherms on sub bituminous A coal at 
three different temperatures (7 degrees of freedom for 3 Isotherms). 
Sub-bit. A  
PL 
(MPa) 
n∞ 
(mmol/g) 
ρads 
(kg/m³) 
∆n 
(mmol/g) 
303K 7.10 0.774 600 0.004 
319K 10.47 0.774 393 0.005 
334K  13.57 0.774 373 0.003 
Table 3-4. Fitted Langmuir parameters for methane excess sorption isotherms on high volatile bituminous 
coal at three different temperatures. 
High volatile 
bit. 
PL 
(MPa) 
n∞ 
(mmol/g) 
ρads 
(kg/m³) 
∆n 
(mmol/g) 
303K 6.04 0.88 293 0.011 
319K 7.89 0.88 618 0.004 
334K  10.99 0.88 553 0.005 
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Table 3-5. Fitted Langmuir parameters for methane excess sorption isotherms on anthracite at three 
different temperatures (see text). 
Anthracite  PL 
(MPa) 
n∞ 
(mmol/g) 
ρads 
(kg/m³) 
∆n 
(mmol/g) 
303K 3.45 1.90 946566* 0.014 
319K 4.78 1.90 511 0.014 
334K  6.59 1.90 419 0.012 
 
The listed Langmuir pressure PL, total CH4 sorption amount n∞ and the adsorbed phase density ρads values 
are the parameters of Equation 8. The ∆n values denote the average deviation between measured data 
points and the best fit function. We were not able to achieve acceptable fitting results with a constant 
adsorbed phase density ρads. Therefore the experimental data were fitted by adjusting PL and ρads for each 
of the three isotherms and taking n∞ as a common temperature-independent parameter for each coal. The 
303K isotherm of the anthracite did not reach an equilibrium (plateau) value and therefore the sorbed 
phase density derived from the fitting procedure is very high.  
Table 3-6 lists the isosteric heats of sorption CH4 for the three different coal samples. The CH4 isosteric 
heats of adsorption of this study are in very good agreement with the reported values of previous 
publications Yang and Saunders, 1985 (18-20 kJ mol-1) Nodzenski, 1998.  
Table 3-6. Isosteric heats of CH4 sorption on moist coals of different rank based on Langmuir pressure (see 
Appendix, Figure 3-11). 
CH4 
dH 
(kJ/mol) 
ln (PL) 
Sub bituminous A coal -17.9 ± 1.6 9.09 ± 0.6 
High volatile bituminous -16.7 ± 1.5 8.41 ± 0.6 
Anthracite -18.1 ± 0.4 8.39 ± 0.1 
 
Table 3-7 to Table 3-9 list the CO2 Langmuir parameters used to calculate the temperature-dependence of 
the CO2 Langmuir pressure for the three coals. The isosteric heats of adsorption for CO2 are higher than the 
respective CH4 values and in the same range as values reported in previous studies (17-29 kJ mol
-1) 
Nodzenski, 1998 Ozdemir and Schroeder, 2009. 
Table 3-7. Fitted Langmuir parameters for CO2 excess sorption isotherms on sub bituminous A coal at three 
different temperatures. 
Sub-bit. A  
PL 
(MPa) 
n∞ 
(mmol/g) 
ρads 
(kg/m³) 
∆n 
(mmol/g) 
303K 4.62 1.80 878 0.015 
318K 8.29 1.80 1260 0.022 
333K  12.09 1.80 1500 0.014 
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Table 3-8. Fitted Langmuir parameters for CO2 excess sorption isotherms on high volatile bituminous coal at 
three different temperatures 
High volatile 
bit. 
PL 
(MPa) 
n∞ 
(mmol/g) 
ρads 
(kg/m³) 
∆n 
(mmol/g) 
303K 3.03 1.63 1189 0.018 
318K 5.59 1.66 1124 0.017 
333K  8.0 1.67 1247 0.013 
Table 3-9. Fitted Langmuir parameters for CO2 excess sorption isotherms on anthracite at three different 
temperatures. 
Anthracite  PL 
(MPa) 
n∞ 
(mmol/g) 
ρ 
(kg/m³) 
∆n 
(mmol/g) 
318K 1.39 1.94 1270 0.020 
333K 2.09 1.94 1167 0.023 
348K 3.21 1.94 1466 0.004 
 
Sorption enthalpies for CH4 and CO2 are listed in Table 3-6 and Table 3-10, respectively. They were 
calculated from the fitted Langmuir pressures KL for different temperature with a common Langmuir 
volume n∞ following equation 9. 
Table 3-10. Isosteric heats of CO2 sorption on moisturized coals based on Langmuir pressure (see Appendix, 
Figure 3-12). 
 
dH 
(kJ/mol) 
ln PL 
Sub bit. A  -29.2 ± 2.8 12.59 ± 1.0 
High volatile bit. -27.7 ± 3.0 11.54 ± 1.1 
Anthracite -25.6 ± 1.1 10.02 ± 0.4 
 
Figure 3-6 and Figure 3-7 show the calculated CH4 and CO2 sorption capacity as a function of burial depth 
for the specified geothermal and hydrostatic pressure gradients. For all samples these curves exhibit a 
maximum followed by a slight decrease with increasing depth (Figure 3-6). This is because the effect of 
temperature (decrease in sorption capacity with increasing temperature) exceeds the pressure effect 
(increasing sorption capacity with increasing pressure). This maximum is more pronounced for large 
geothermal gradients (Figure 3-6). Further the reduction in CH4 and CO2 sorption capacity between its 
maximum value and the sorption capacity at 4 km depth increases with increasing geothermal gradient but 
also with increasing coal maturity from sub-bituminous to anthracite. The difference in sorption capacity 
between the different coal rank decreases with increasing depth. In general these trends are much more 
sensitive to the geothermal gradient than to the hydrostatic pressure gradient. 
The maximum of the CH4 sorption capacity depth trend is located at shallower depth than the maximum of 
the CO2 trend (Figure 3-7). It is more pronounced and it shifts to shallower depth as the thermal gradient 
increases. The maximum in the sorption capacity trend occurs at greatest depth for the high volatile 
bituminous coal (Figure 3-6). The maxima for the sub-bituminous and anthracite coals occur at similar 
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depth levels. This can be explained by decreasing sorption enthalpies with increasing rank as summarised in 
Table 3-6 and Table 3-10. 
 
 
 
Figure 3-6. CH4 (red) and CO2 (black) sorption capacities as function of depth and thermal gradient for the 
three coal samples investigated here (1mmol/g =24.5 Std. m³/t). 
Table 3-7 to Table 3-9 show the fitted CO2 Langmuir parameters of the three coal samples at the three 
temperatures 319, 334 and 349K but a dependence of the Langmuir volume n∞ on coal rank cannot be 
observed. The anthracite has the highest CO2 sorption capacity, followed by the sub-bituminous A and the 
high volatile bituminous coal.  
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Figure 3-7. CH4 (red) and CO2 (black) sorption capacities as function of depth assuming a thermal gradient of 
3 K/100m for sub-bituminous A, high volatile bituminous and anthracite coal deposits (1mmol/g =24.5 Std. 
m³/t). 
Using equation 15, the potential recovery capacity for CH4 and CO2 has been calculated as a function of 
depth (Figure 3-8). These calculations show a stronger decrease in CO2 sorption capacity with depth for 
moist low rank coals at approximately 1000 m than for high rank coal. However the maximum recovery 
potential only decreases slightly for moist high rank coals. This implies that CO2-ECBM will become less 
effective at depths of more than ~1000m. 
All coal samples show lower sorption capacities for CH4 than for CO2 and the CO2/CH4 sorption ratio varies 
from 5 at shallow depths to <3.5 for the sub bituminous and high volatile bituminous coal respectively 
(Figure 3-9). The sorption capacity of the anthracite coal shows a different depth trend: The total change in 
sorption capacity with depth is smaller and increases with depth. Additionally, Figure 3-8 illustrates that the 
CO2 storage capacity decreases at depths > 900m, but is still larger than for CH4. The sorption capacity 
ratios illustrated in Figure 3-10 and Figure 3-11 decrease with depth for the sub bituminous and the high 
volatile bituminous coal, respectively. Minimal to no differences are observed with different thermal 
gradients for the high volatile bituminous, the sub bituminous and anthracite coal. Only the anthracite coal 
shows an increasing ratio with increasing depth (Figure 3-12). This trend is more pronounced at higher 
thermal gradients. 
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Figure 3-8. CH4 recovery potential as a function of depth. Sorption enthalpies used from Table 3-6 and Table 
3-10, assuming a constant abandonment pressure of 1 MPa, normal hydrostatic pressure gradient and 
geothermal gradient of 3K/100m. 
The enthalpies obtained from the fitted Langmuir pressures (Table 3-10) are in line with the observations 
by Taraba (2011) Taraba, 2011. However, the CO2 sorption enthalpies correlate inversely with rank, only. 
 
Figure 3-9. CO2/CH4 sorption capacity ratio as a function of depth for the three coal samples studied here, 
assuming a thermal gradient of 3K/100m and a hydrostatic pressure gradient of 1MPa/100m. 
The total amount of gas generated from coals is usually considered to amount to 2-4 times the sorption 
capacity, e.g. Hunt and Steele, 1991; Tang et al., 1996). The excess gas will lead to an overpressure and/or 
will migrate into adjacent formations. Considering oversaturation or overpressured reservoirs it should be 
mentioned that in the geological time scales needed for this uplift, diffusion and/or pressure diffusion are a 
relevant transport mechanisms. For the following considerations, we assume that at the beginning of uplift, 
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i.e. at maximum burial depth, the coal seam is fully gas saturated and equilibrated (cf. Figure 3-5). This gas 
content is used as the reference value to calculate the relative gas saturation during uplift. The results of 
these computations are shown in Figure 3-10 for three different coal ranks. The calculated maximum burial 
depth of 7300m by Barker et al. 1986 for the anthracite is not in line with a maximum burial depth of 4500 
to 5000m from a basin modelling study by Senglaub et al. (2006). Additionally an assumed maximum burial 
depth of 7300 m requires an extensive extrapolation of the measured sorption data to high pressures and 
temperatures.  
 
 
Figure 3-10. Calculated CH4 saturation trends after uplift from the maximum burial depth (burial history 
model A: 2500, 3900, 7800m Schoenherr et al., 2007; Senglaub et al., 2005b; Senglaub et al., 2006 and 
model B: 2200m, 4400m and 9800m Barker and Pawlewicz, 1986 or 5000m (Tmax=504K,pmax=50MPa) 
Senglaub et al., 2005b; Senglaub et al., 2006) assuming no loss of CH4, a geothermal gradient of 0.02K/m 
(model A) and 0.03K/m (model B) and a hydrostatic pressure gradient of 0.01MPa/m. 
3.5 Discussion 
Since gas sorption is an exothermic process, the initial slope of the isotherms at zero pressure 
(corresponding to the reciprocal of PL) decreases with increasing temperature. This means that higher 
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pressures are necessary to reach the same sorption capacity n(p) at higher temperatures. Based on the 
assumption that a temperature increase (35°C up to 75°C) will not change the surface, pore or chemical 
structure of the coal, we assume that the sorption capacity n∞ should be independent of temperature, i.e. 
the total amount of sorption sites (sorption capacity) should remain constant with temperature. However, 
due to the presence of moisture, a shift in the portion of sorption sites occupied by water can be assumed. 
The saturation moisture content, or sorption capacity of water, will decrease slightly with increasing 
temperature, because sorption enthalpy of water is much higher than the sorption enthalpies of carbon 
dioxide or methane Busch and Gensterblum, 2011. Using this as simplification, the total amount of sorption 
sites remains constant with temperature, approximately; however, the individual share of sorption sites for 
CH4 and CO2 at a given temperature and pressure will decrease slightly.  
Due to the opposing effects of increasing pressure and temperature with depth, it depends on the 
magnitude of the sorption enthalpy if increasing pressure will lead to higher surface coverage or if the 
thermal energy will reduce the surface coverage at a given depth. Generally, sorption capacity is reduced to 
a greater extent with increasing depth at higher temperature gradients. This is in line with previous 
observations (Bustin and Bustin, 2008; Hildenbrand et al., 2006; Weniger, 2012). For this computation of of 
sorption capacity nsorbed [mmol g
-1] with depth (pressure and temperature), Hildenbrand et al (2006) used 
methane sorption isotherms measured for dry coals, while Bustin and Bustin (2008) used methane sorption 
isotherms on moisturised coals with vitrinite reflectance values of 0.4, 0.5 and 1.7%.  
The decrease in sorption capacity with depth calculated in the present study is lesser than the trends 
obtained by Hildenbrand et al. (2006). This is essentially due to the use of isotherms for moisture-
equilibrated coals in this work as opposed to data for dry coals used by Hildenbrand et al. (2006).  
3.5.1 Influence of water on gas sorption capacity 
The sorption of methane or carbon dioxide in moist coal samples is largely controlled by competition with 
water. In general, the interaction force between coal and water is much stronger than for methane or 
carbon dioxide, especially for low water surface coverage. It is reasonable to assume that the amount of 
sorption sites occupied by water molecules will change with temperature. For moisturised coals several 
publications report a change in the Langmuir amount of sorbed substance with temperature Crosdale et al., 
2008; Moore and Crosdale, 2006; Ozdemir, 2009. 
Figure 3-10 shows the calculated gas saturations relative to the saturation at maximum burial depth for 
three uplifted coal seams. Based on the trends illustrated in Figure 3-6, we can expect a high saturation 
level during uplift for the sub bituminous and high volatile bituminous coals. The highest saturation for any 
thermal gradient could be expected for high volatile bituminous followed by sub bituminous coal. The 
calculated maximum burial depth of 7300m by Barker et al. (1986) for the anthracite is not in line with the 
basin modelling study by Senglaub et al. (2006). Higher CH4 saturation should be expected if uplift starts 
from a maximum burial depth of 4000m to 5000m for anthracite deposits Senglaub et al., 2006, due to the 
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high decrease in sorption capacity with depth. Gas contents in the German anthracite mine in Ibbenbüren 
and gas outbursts that occurred in the past indicate that current CH4 saturation levels in the anthracite 
seams are much higher than 5-10%. Therefore it is believed that the saturation data of Figure 3-10 for the 
anthracite needs further investigations. A lower thermal gradient would be one possible explanation 
(Figure 3-10A). 
It is likely that coal deposits are undersaturated with respect to CO2 because of the high solubility in 
formation brine (Figure 3-1). The results of this study suggest that, due to the rapid decrease of CO2 sorption 
capacity with depth, carbon capture and storage (CCS) becomes unattractive with high geothermal gradient 
and less favourable for depths greater than ~2 km. As illustrated in Figure 3-3 and Figure 3-4, an increase in 
Langmuir pressure will increase the productivity, because the higher amounts of gas desorbing at the same 
pressure drop (pD-pA). In Table 3-1 to Table 3-3 and  
Table 3-5 to Table 3-7, we show that with increasing rank, the Langmuir pressure decreases. Therefore, we 
can conclude that lower rank coal deposits are more likely to degas than high rank coal deposits (Figure 
3-8). Furthermore, Figure 3-8 illustrates that CO2-ECBM is more feasible for depths shallower than 1000 m, 
regardless of the coal sorption enthalpies. For depths greater than 1000 m, CO2-ECBM becomes less 
efficient for low rank coals. It should be mentioned, that transport processes or effects resulting from coal 
swelling or changes in permeability - stress relationships, etc. are not considered in these conclusions. 
Saturation values determined from dry or as-received coal samples suggest much low saturations after 
uplift and the sorption capacity will show a more pronounce decrease with increasing depth and thermal 
gradient. Due to lower Langmuir pressures bL and higher sorption enthalpies for the CH4 sorption on dry or 
as received coals, the maximum recovery potential will be also misleading. 
3.6 Conclusion 
Among the three possible gas storage mechanisms in coals (compressed gas in the open porosity, dissolved 
gas in the formation water and sorbed gas), sorption is the dominant mechanisms for CBM reservoirs 
(Figure 3-1). For example, given a porosity of 15%, the amount of compressed gas is 2.5 to 10 times lower 
than the sorption capacity for methane and carbon dioxide. The largest difference is observed for the 
anthracite. The ratio of compressed and sorbed gas shows a decreasing trend with increasing depth. 
Carbon dioxide solubility in water is higher than for methane (Figure 3-1). Nonetheless, the amount of 
dissolved gas for either methane or carbon dioxide is still roughly 100 times lower than the carbon dioxide 
sorption capacity of the moisture-equilibrated coal. Therefore the amount of gas dissolved in water or 
brine is negligible for methane and in most instances also for CO2. 
The main parameters controlling ultimate gas recovery from coal deposits are the natural cleat 
permeability and the total gas content. Sorption capacity denotes the maximum amount of gas that can 
physically be stored in coal seams under given subsurface conditions. Sorption capacity (generally speaking) 
is influenced by pressure and temperature, the current moisture content, the composition of the organic 
material, the mineral content, and coal rank. Sorption capacity and sorption enthalpy are strongly 
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influenced by coal properties, such as macerals composition, total carbon content, coal rank, pore 
structure, pore size distribution and mineral matter (Busch and Gensterblum 2011). The sorption enthalpy 
is an important factor when considering gas saturation based on the burial and uplift history of a CBM 
deposit. Measurements performed on dry coals and at different water contents reveal that even very low 
water contents lead to a strong reduction of CH4 sorption capacity. A decrease in sorption capacity by up to 
50% has been measured for high volatile bituminous coal. 
The evaluation of the measured isotherms reveals that for coals of a sub-bituminous A rank, which is 
common in many producing CBM reservoirs, and pressure and temperature gradients typical for most 
sedimentary basins, the sorption capacity of coals decreases only slightly during uplift. 
The geothermal gradient is much more important than the hydrostatic pressure gradient for the CH4 
sorption capacity prediction as a function of depth. For CBM as well as CO2-ECBM activities a low 
geothermal gradient is more favourable. 
We conclude from this study that low rank coal deposits require a lower pressure draw down than high 
rank coal deposits to desorb an equivalent amount of methane. In high rank coal seams it is more likely to 
observe undersaturated gas contents than in low rank deposits. 
Based on the results of this study, the often observed undersaturation of coal seams in the field is more 
likely related to loss of methane from the coal seam to other formations than changes in the sorption 
capacity, especially for the high volatile bituminous coal. Discovering an oversaturated coal seam is not 
likely; but if so, it can only be explained by the decrease in sorption capacity at shallow depths (below 
1000 m), or due to additional gas generation, e.g. by microbial activities. 
These findings indicate that reliable information on the in-situ moisture content of coal seams is crucial for 
the estimation of reservoir capacities and resource potential. One shortcoming is the lack of published 
sorption isotherms on moisture-equilibrated coals.  
Considering only the sorption measurements and recovery calculations, the feasibility of CO2 storage and 
CH4 recovery for CO2-ECBM will increase with increasing rank and will decrease with depth. The feasibility 
of CO2-ECBM aiming at carbon storage depends on the thermal gradient of the deposit and will decrease 
with increasing depth for thermal gradients lower than 0.03K/m. Methane recovery decreases with 
increasing methane sorption enthalpy because the Langmuir pressure will increase more rapidly with depth 
than the thermal reduction of the surface coverage for coals with a lower methane sorption enthalpy. 
CO2-ECBM is likely to become less effective with increasing depth because the CO2/CH4 ratio decreases with 
depth, hence CO2-ECBM is expected to be less effective with increasing maturity due to the observation 
that the highest selectivity is observed for low mature coals. 
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3.7 Appendix 
Figure 3-11 and Figure 3-12 illustrate the quality of the fitting (according to equation 8 and 9). Furthermore 
the figures show that it is acceptable to extrapolate sorption capacity values down to temperature of a 
depth of 4km.  
 
Figure 3-11. The methane Langmuir pressure for moisturised coal sample of different rank as a function of 
the inverse temperature to calculate the heat of adsorption (adsorption enthalpy) Myers, 2004.  
 
Figure 3-12. The carbon dioxide Langmuir pressure for moisturised coal sample of different rank as a 
function of the inverse temperature to calculate the heat of adsorption (adsorption enthalpy) Myers, 2004.  
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4 A preliminary evaluation of the CO2 storage potential in unminable 
coal seams of the Münster Cretaceous Basin, Germany 
4.1 Introduction 
Currently energy production is largely based on the combustion of extensive masses of fossil fuels, 
resulting in shifts within the global biogeochemical carbon cycle. The consequence is a globally 
increasing CO2 content in the atmosphere. Due to the causal interrelation between atmospheric CO2 
contents and global mean surface temperatures, the global warming may originate from anthropogenic 
CO2 emissions. In order to diminish such effects, the Kyoto Protocol committed a reduction of the 
emissions of the three most important greenhouse gases (CO2, CH4, N2O) for developed countries 
(United Nations, 1998).  
Energy saving, the most sensible strategy for a CO2-emission reduction, is limited due to the global 
energy demand. Improved combustion efficiencies alone wouldn’t be sufficient either. Increased 
deployment of nuclear power, allowing a CO2-reduced energy conversion, is accompanied with other 
disadvantages, e. g. the final storage of nuclear waste. Renewable energy sources are reasonably 
promising, however the period until such sources will satisfy the energy demand are assumed to last 
until the second half of this century. One of the greenhouse gas mitigation options during this transition 
period is carbon capture and storage (CCS), defining the process chain of separating CO2 before or after 
combustion in the power plant, followed by compression of the gas and injection into appropriate 
geological formations in the subsurface.  
Generally, CO2 can be stored in the subsurface as a compressed gaseous or supercritical phase in porous 
and/or fractured rocks, by physical sorption on the effective surface area of unminable coals or by 
geochemical trapping as carbonate minerals. In order to achieve a reasonable efficiency, the geological 
storage of CO2 at high density in saline aquifers should be performed at depth levels >800 m. Efficient 
sorptive storage of CO2 in coal seams may occur at considerably shallower depths (200 – 800 m). The 
option of sorptive storage of CO2 in coals would exclusively target unminable coal seams with no long-
term production potential in order to prevent conflicts of interests. Future exploitation of coal seams 
used for CO2 storage would require “venting” of the CO2 to the atmosphere. Prior to the deployment of 
coal seams as a CO2 storage reservoir, issues of future use under the aspect of changing economical 
conditions and new production techniques have to be considered carefully. Within the RECOPOL-Project 
of the European Union, about 760 tons of CO2 have been injected into coal seams of the Upper Silesian 
Basin (van Bergen et al., 2006). However, the technology for large-scale CCS in coal seams is not readily 
available yet (IPCC, 2005). Nevertheless, this strategy may provide a contribution to greenhouse gas 
mitigation activities in the future, requiring the technological and economic feasibility. 
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Coal-related CO2-storage holds two advantages: (i) Coal-fired power plants are often situated close to 
coal deposits, implying moderate transport distances to the target formations and (ii) CO2 injection into 
coal seams can be combined with coal bed methane (CBM) production. Coal Bed Methane represents a 
hydrogen-rich fuel, practically free of toxic side products. CO2-injection is considered to enhance CBM 
production (CO2 Enhanced Coal Bed Methane, CO2-ECBM, White et al., 2005).  
The Münster Cretaceous Basin is a wide synclinal structure situated in the western part of North Rhine-
Westphalia, Germany (Figure 4-1). The Palaeozoic bed rocks contain unminable Carboniferous coal 
seams. Several fossil fuel-fired power plants are situated within and around the basin. Therefore, the 
evaluation of the CO2 storage potential in the coal seams of the basin is of economic interest. The 
objective of the present study has been the investigation of the existence of the CO2 storage potential 
and the assessment of its importance. This has been done in order to define suitable areas for CO2 
storage and to determine the corresponding potential storage capacities considering regional geological 
and hydrogeological conditions.  
 
Figure 4-1. Position of the Münster Creataceous Basin in Germany (left) and geological overview without 
Cenozoic depositions (right, modified from Walter, 1995, after Arnold, 1964) 
4.2 Geological setting of the Münster Cretaceous Basin 
The geological evolution of the Münster Cretaceous basin has been described in detail by the Geological 
Survey of North Rhine-Westphalia, Germany (GLA, 1995). An evaluation with respect to CO2 storage 
potentials relies on the recent configuration of the basin rather than on its evolution. Therefore, a short 
description of the recent basin configuration is given in the following. 
The distinct geometry of the basin is characterized by a steep northern and a gently north-dipping 
southern flank (Figure 4-2). The deepest bedrock deposits in the northern part of the basin reach 
4. A preliminary evaluation of the CO2 storage potential in unminable coal seams... 
93 | P a g e  
maximum depths of approximately 2700 m (interpreted from maps in Baldschuhn et al., 2001). The 
basin can be separated into four units: 
The first unit is formed by the basement, consisting of Upper Carboniferous bedrocks. These contain 
coal-bearing clastic sediments, which have been deposited between the Namurian C and Westphalian D. 
However, the deposits of the Westphalian D have been eroded almost completely. Distinct tectonical 
features of the bedrock are broad NE-SW-striking folds which originate from the Hercynian orogeny. The 
coal content of the coal-bearing Carboniferous is ~ 4% in the southern part of the basin, decreasing to 
the north (GLA, 1995). South of the Münster Basin the Upper Carboniferous reaches the surface. The 
coal seams represent the reservoir formation considered for the CO2 injection strategy presented in this 
study. The sediments beneath and above the seams, consisting of sand-, silt and claystones are generally 
of low permeability. The permeability of the coals ranges between 0.02 and 0.5 mD (Gaschnitz, 2001), 
which is below the minimum permeability needed for CO2-ECBM (e.g. Gale and Freund, 2001).  
The Cenomanian/Turonian-Complex – the second unit – overlies the Carboniferous bedrock 
discordantly. It largely consists of carbonates and alternating carbonate-marl sequences. The complex 
represents a saline karst aquifer characterized by a hydraulic gradient driving water flow from north to 
south (Figure 4-2). The aquifer is confined by the underlying low permeable Upper Carboniferous clastic 
sediments and the overlying ‘Emscher Mergel’. It is meteorically recharged by seepage water in the 
northern part of the basin where the aquifer crops out at the surface. At the southern outcrop of the 
Cenomanian-Turonian-Complex, the brine is in hydrodynamical equilibrium with fresh water aquifers. 
This implies a potential leakage pathway for injected CO2 escaping the Carboniferous. The hydrogeology 
of the saline aquifer of the Münster Cretaceous basin has been described in several studies (Baskan, 
1970; Fricke, 1961; GLA, 1995; Michel, 1963, 1983; Struckmeier, 1990).  
The overlying ‘Emscher Mergel’ - the third unit - is a clayey marl separating the salt water of the Cenomanian-
Turonian-Complex from the shallow fresh water aquifers in the Campanian and Cenozoic sediments, which 
represent the forth and uppermost unit of the basin. The Emscher Mergel is supposed to act as a cap rock, 
impending the upward migration of CO2, entering the Cenomanian-Turonian-Complex. The Emscher 
formation is of middle Coniacian to lower Campanian age and is fractured by a complex fault system 
potentially decreasing its sealing efficiency. A detailed description of the formation, including a lithological 
description is given by Hiss, 2006. The effective permeability for CO2 is ~1 to 3 nD (Wollenweber et al., 2009). 
The ‘Emscher Mergel’ and coeval depositions crop out zone follows the one of the Cenomanian-Turonian-
Complex (see Coniacian/Santonian-distribution in Figure 4-1). The sand content of the marl increases in the 
western part of the basin, implying an increasing permeability. 
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Figure 4-2. Schematic cross section through the Münster Cretaceous Basin. The arrows indicate the 
hydraulic gradients of the brine aquifer. 
4.3 Methodology 
4.3.1 Selection of the storage site and general approach 
Migration through the ‘Emscher Mergel’ and transport by the saline aquifer of the Cenomania-Turonian-
Complex represents the main potential leakage pathways for injected CO2. Storage site selection was 
based on defining an area holding the lowest potential for leakage throughout the Münster Basin. This 
can be achieved by indications and estimations rather than by precise measurements. For estimating 
potential leakage risks the following indicators have been chosen: 
- Coal bed methane concentration profiles in the Carboniferous 
- Main ion-distribution in waters of shallow aquifers above the Emscher Mergel  
- Occurrence and stable carbon isotope signatures of methane in waters of the shallow aquifers 
- Evaluation of the fault system of the Münster Basin 
- Hydraulic properties of the Cenomanian-Turonian-Complex 
After defining a potential storage area by the indicators listed above, the coal inventory within this area 
was calculated by means of a computer-based model described below. Sorption experiments on coal 
samples enabled an estimation of the CO2 sorption capacities of the calculated coal inventory within the 
confined area. 
Many studies have been published recently on the potential of CO2-ECBM. These studies list a series of 
screening criteria important for CO2-ECBM site selection and the feasibility of this scenario (Amorino et 
al., 2005; Bachu et al., 2007; Byrer, 1999; Damen, 2005; Faiz, 2007; Frailey et al., 2006; Gale and Freund, 
2001; IPCC, 2005; Mavor, 2004; Nelson et al., 2005; van Bergen et al., 2006). Coal seams suitable for 
CO2-storage should: 
− Have sufficient capacity for injecting large volumes of CO2 
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− Possess adequate permeability of at least 1 to 5 mD. This relates to an adequate injectivity to 
allow injection of CO2 into the subsurface at reasonable rates 
− Be covered by an effective cap rock in oder to avoid gas movement to the surface or to e.g. 
adjacent active (coal) mining 
− Have high gas saturation (from a methane-production perspective) 
− Be unminable, now or in the future. Unminable coals are coals that are too thin, too deep, or 
too unsafe to mine; they may be too high in sulphur or mineral matter, or be too low in heat 
value to be economically profitable 
− Possess suitable coal geometry with preferentially few, thick (>1 m) rather than multiple, 
thinner seams. However, this in a way contradicts the argument of unminable since thick coal 
seams have a higher potential of being mined than multiple thin seams 
− Have a favourable structure (minimal faulting and folding) with lateral continuity 
− Be located at an adequate depth. Recent studies did not investigate depth intervals deeper than 
1500 m. Higher depth than that will mainly depend on permeability and drilling costs 
− Possess the ability to dewater the reservoir formation and a low water saturation because coals 
with low water saturation are easier to dewater prior to CBM production and CO2 injection 
4.3.2 Coal inventory calculations 
The coal inventory calculation model (KVB-Model) of the Geological Survey of North Rhine-Westphalia 
(NRW), Germany has been used to determine coal volumes in the target area of the Münster Cretaceous 
Basin. The KVB-model is based on digital projections of the coal inventory of all hard coal deposits in 
NRW derived from drilling data. It contains no opportunity for error estimations. A detailed description 
of the model is given by Juch et al., 1994 and Juch, 1997. The model subdivides the coal seams into 
subsections, which are linked to attributes such as 3D coordinates, dipping, thickness, and volumes in a 
data base. The present coal volumes in the target area have been calculated by linking the data base to 
a geographic information system (ArcGis Desktop 9.1, ESRI Redlands, CA, USA) and isolating the relevant 
seam subsections from the generic data. 
4.3.3 Samples 
4.3.3.1 Coal sample 
For gas sorption experiments, one reference coal sample from the German Ruhr District (southern 
Münster Basin; coal mine Auguste Victoria, Marl), has been used during the course of this study. The 
maturity of the coal sample is high-volatile bituminous A, it has an ash content of 2.7 and an “as 
received” moisture content of 1.7 %. The mine is still in operation and sample material has been 
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obtained as a large block directly from the excavation area. A representative aliquot of the sample was 
crushed and milled to particle sizes <200 µm.  
4.3.3.2 Water samples 
For analysis of stable carbon isotope signatures water samples from shallow groundwater aquifers in the 
Münster Basin were collected in pre-evacuated spherical steel containers of 30 mm diameter equipped 
with a toggle shut-off valve (Hoke, 1500 Series). Sampling locations have been kept anonymous. 
Sampling was performed by dipping the shut-off valve completely into the water, opening it and closing 
it again after approximately 30 seconds. 
4.3.4 Sorption experiments 
In order to determine the sorptive gas storage capacity as a function of depth (pressure and 
temperature), CH4 and CO2 single-gas sorption experiments were performed on “as received” coal 
sample material from the coal mine Auguste Victoria (described above) at three different temperatures 
(40, 50, 60°C). These temperatures were considered relevant for CO2 injection in the coal seams. 
Details on the manometric method for measuring the sorption isotherms is provided in Section 2.2.1.1  
4.3.5 Gas chromatography- isotope ratio mass spectrometry (GC-irmMS) measurements 
Analyses of stable carbon isotope signatures of dissolved methane in the shallow groundwater samples 
described above have been conducted by GC-irmMS-measurements, performed on a Delta Plus XL mass 
spectrometer (ThermoFinnigan, Bremen, Germany) equipped with a GCC III combustion interface and 
linked to a 6890A gas chromatograph (Agilent, Waldbronn, Germany). Separation of the gas 
components was carried out on a CARBOXEN 1010 PLOT (Supelco, Bellefonte, PA, USA) fused sillica 
capillary column (30m x 0.32 mm) with helium carrier gas (flow rate: 5 mL/min) at 100 °C (isothermal).  
Calibration of the carbon isotope reference gas used (carbon dioxide) was performed by means of a 
certified reference standard (Chiron, Trondheim, Norway) containing n-undecane (-26.11 ‰ vs PDB), n-
pentadecane (-30.22 ‰ vs PDB) and n-eicosane (-33.06 ‰ vs PDB).  
Transfer of the dissolved and free methane from the sample containers onto the GC-column was 
achieved by connecting the toggle shut-off valve to a stainless steel vacuum system with a 250 µL 
sample loop and a pressure transducer. After evacuating the system the shut-off valve was opened and 
the gas from the sample container was expanded into the sample loop. The sample loop was then 
switched into the carrier gas stream of the capillary column by a VALCO-valve (VICI AG International, 
Schenkon, Switzerland). Transfer of evaporated water onto the capillary column was prevented by a 
CaSO4-trap. 
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4.4 Results and Discussion 
4.4.1 ECBM site selection 
4.4.1.1 CBM concentration profiles 
Concentrations of methane-in-place in the Carboniferous as a function of depth is an indicator for the 
integrity of the Cretaceous overburden. In the Ruhr Basin (the southern portion of the Münster 
Cretaceous Basin), two characteristic concentration profiles have been observed: the Lower Rhenish 
type and the Westphalian type (Kaffanke, 1988). The Lower Rhenish profiles are characterized by almost 
gas-free zones beneath the overburden which can reach down to about 100 to 400 m below the top of 
the Carboniferous. In contrast, below the overburden in the Westphalian type profiles concentration 
maxima with gas contents >4 m³/t are shown. Two theories have been proposed concerning the 
evolution of the two gas distribution characteristics. During the late Carboniferous, the deposited peat 
was coalified. After vast erosion processes at the end of the Carboniferous, the coal-bearing bedrock 
was not efficiently sealed any more, until the Cretaceous overburden deposited. During this period the 
gas was released from the coal seams resulting in gas free coals even in considerable depths. A basin 
simulation study of the bore hole “Münsterland-1” did not support the hypothesis of a post-
Carboniferous re-coalification (Littke et al., 1994). Hedemann (1970) established the hypothesis of gas 
migration from the Cretaceous overburden into the Carboniferous. Although this hypothesis was 
restated by von Treskow, 1985, the Westphalian profiles are nowadays regarded as indication for the 
sealing efficiency of the overburden and the present CBM gas-in-place is attributed to a Carboniferous 
residue (Kaffanke, 1988). Several bore holes in the central part of the basin revealed high gas contents 
(≥ 10 m³/t) beneath the overburden (Gaschnitz, 2001), indicating its reasonable integrity in this area. 
4.4.1.2 Ion distribution in waters of shallow aquifers 
Although not directly involved into the gas play, the geochemical attributes of the shallow aquifers 
provide important information, appropriate for assessing the sealing efficiency of the ‘Emscher Mergel’. 
Figure 4-3 shows the typical ion distribution patterns occurring in waters of shallow aquifers in the 
Cretaceous Basin. This distinct feature of shallow aquifers in the Münster Basin was initially observed by 
Lotze, 1958. Such waters, dominated by Na+, Cl- and HCO3
-, result from mixing of fresh water and brine 
accompanied by ion exchange (e.g. Appelo and Postma, 2005), and therefore indicate a hydrodynamic 
equilibrium of the brine and the freshwater aquifer systems by migration pathways through the 
‘Emscher Mergel’. The present geological framework has remained essentially unchanged (stable) since 
the Cretaceous/Tertiary-boundary (65 Ma). On the other hand, sealing periods of 5000 years concerning 
sequestered CO2 are considered sufficient (Zhou et al., 2004). Consequently, brine migration through 
the ‘Emscher Mergel’ does not imply insufficient sealing efficiency of the formation over periods 
relevant for CO2 storage. 
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Figure 4-3. Typical ion distribution in shallow aquifer waters of the Münster Cretaceous Basin. 
4.4.1.3 Concentrations and stable carbon isotope signatures of dissolved CH4 and CO2 in 
shallow aquifers 
Another distinct geochemical feature of shallow aquifers in the Münster Cretaceous Basin is the local 
occurrence of significant quantities of dissolved methane (Weidmann, 2005) in shallow aquifers (<100 m 
depth). Such phenomena could result from Carboniferous methane migrating through the ‘Emscher 
Mergel’ into the shallow aquifers. The isotopic CH4 composition was expected to provide further hints 
on its origin and the sealing efficiency of this formation. For this purpose, 17 water samples have been 
analysed by compound-specific isotope mass spectrometry (GC-irmMS). Thermogenic methane can be 
distinguished from microbial methane by its isotopic signature and the contents of higher molecular-
weight hydrocarbon gases (Bernard, 1978 ). While thermogenic methane has stable carbon isotope 
signatures δ13C> -55 ‰ vs. Vienna PeeDee Belemnite (VPDB), microbial methane derived from 
methanogenic archaea is strongly depleted in 13C. Gaschnitz (2001) determined the compound specific 
stable carbon isotope signatures of CH4 in coal samples of the “Natarp-1” well (Figure 4-4). These ranged 
between -26 and -43 ‰, indicating clearly a thermogenic origin. In contrast, the CH4 isotope signatures 
in the shallow aquifer waters investigated in this study indicate a predominantly microbial origin (Table 
4-1). Thus, significant migration of Carboniferous coalbed methane across the ‘Emscher Mergel’ does 
not appear to occur. This finding supports that the ‘Emscher Mergel’ formation has a good sealing 
efficiency.  
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Figure 4-4. Map of the study area with the proposed CO2 storage option with CBM exploration wells 
Nartarp-1 and Rieth-1, and the deep Münsterland research well. 
Table 4-1. Results of the stable carbon isotope analaysis. The isotope signatures are expressed relative to 
VPDB. Most measurements have been performed in dublicates. 
 δ13CH4 CH4 concentration δ13CO2 CO2 concentration CH4/CO2 
sample anal 1 anal 2 mean (mol/l) (mg/l) anal 1 anal 2 mean (mol/l) (mg/l) (mol/mol) 
1 -27,9 -11,3 -19,6 2,08E-06 0,033 -1,3 -4,4 -2,9 1,78E-06 0,078 1,17 
2 -72,5 -72,7 -72,6 2,81E-05 0,449 -10,3 -12,5 -11,4 1,02E-05 0,447 2,76 
3 -42,4  -42,4 3,53E-07 0,006 -8,1  -8,1 5,46E-07 0,024 0,65 
4 -60,4 -61,9 -61,2 1,27E-04 2,028 -12,3 -13,5 -12,9 1,24E-05 0,544 10,26 
5 -63,9 -64,3 -64,1 1,87E-04 2,996 -8,5 -10,3 -9,4 6,45E-06 0,284 29,02 
6 -58,1 -59,6 -58,9 9,80E-05 1,568 -16,4 -13,8 -15,1 1,23E-06 0,054 79,67 
7 -62,3 -62,4 -62,3 1,02E-05 0,163 -16,3 -16,7 -16,5 4,49E-05 1,976 0,23 
8 -60,9 -61,1 -61,0 3,30E-04 5,285 -11,2 -10,8 -11,0 8,74E-06 0,385 37,80 
9 -74,4  -74,4 1,16E-05 0,186 2,5  2,5 3,41E-07 0,015 34,06 
10 -36,0  -36,0 2,37E-05 0,379 -14,5  -14,5 2,61E-05 1,150 0,91 
11  -69,6 -69,6 1,34E-06 0,021  -16,0 -16,0 1,09E-05 0,480 0,12 
12 -35,0  -35,0 2,53E-07 0,004 -4,5  -4,5 3,47E-07 0,015 0,73 
13 -48,3  -48,3 2,39E-04 3,822 -13,6  -13,6 4,38E-06 0,193 54,49 
14 -66,6 -66,7 -66,7 3,24E-04 5,183 -12,2 -12,1 -12,1 1,08E-05 0,474 30,09 
15 -59,5 -58,7 -59,1 1,87E-06 0,030 -14,5 -15,2 -14,9 3,37E-05 1,483 0,06 
16 -74,9 -75,1 -75,0 1,41E-04 2,264 -10,5 -10,7 -10,6 1,49E-05 0,654 9,52 
17 -70,7 -71,5 -71,1 1,12E-04 1,790 -9,4 -11,7 -10,5 6,59E-06 0,290 16,97 
Stable carbon isotope signatures were also determined for dissolved CO2 from shallow wells. Most 
samples had values around -10 ‰ vs. VPDB, indicating a mixed origin due to decarboxylation of organic 
matter and carbonate-decomposition. 
Fault system 
The Münster Cretaceous Basin is affected by a complex fault system which has been described in detail 
by Drodzewski and Wrede (1994). This implies potential leakage pathways for injected CO2 to the 
surface. In the Münster Cretaceous Basin, gas eruptions have been observed partly at fault zones 
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associated with the occurrence of strontianite (SrCO3), indicating migration pathways through the 
overburden. Due to mining of shallow deposits of this mineral over large areas in the 19th century and 
based on modern exploration data, the structures of strontianite occurrence have been recognized in 
detail (Dölling and Juch, 2004). Even if such structures are not connected to the coalbearing strata, 
strontianite-affected areas have to be avoided with respect to CO2 storage. To minimize leakage through 
faults, CO2 storage is restricted to areas showing high overburden thickness (> 700 m, considered from 
the base of the ‘Emscher Mergel’). 
4.4.1.4 Cenomanian-Turonian-Complex 
The Cenomanian-Turonian-Complex represents a brine aquifer and has been described as low 
permeable, even virtually stationary in the central part of the basin (Struckmeier, 1990), where the 
aquifer reveals the highest hydraulic resisitivity due to its largest extension. Therefore, low transport 
velocities of the aquifer are expected in the basin centre, scaling down the leakage risks through the 
Cenomanian/Turonian-Complex. The water supply area in the northern part of the basin is elevated at 
approximately 120 m above sea level. The area of hydrodynamic equilibrium with fresh water aquifers in 
the southern basin part is elevated at approximately 100 m above sea level. Due to the marginal 
hydraulic potential generated by this elevation difference over a lateral distance of >50 km, transport 
velocities below 1 m/a have been estimated. 
4.4.2 Estimation of the CO2 storage potential in Carboniferous intervals of the Münster 
Cretaceous Basin 
4.4.2.1 Criteria for the selection of the storage region 
Considering the results presented above, the following criteria have been defined for a suitable CO2 
storage location: 
• It should be south of the deepest basin threshold, in order to prevent upward migration of 
injected CO2 along the steep northern flank 
• It should be located in the central part of the basin, where the Cenomanian/Turonian-Complex 
provides a maximum hydraulic resisitivity, resulting in low transport rates 
• Thickness of the overburden should exceed 700 m, measured from the base of the ‘Emscher 
Mergel’ 
• The western part of the basin should be avoided due to increasing sand contents of the 
‘Emscher Mergel’ 
• The southern part of the basin should be avoided because of the occurrence of strontianite-
associated faults 
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• A minimum distance of 10 km from mining activities in the Ruhr area and to mining concessions 
in the southern part of the basin, where the Cretaceous overburden is or will be 
anthropogenically affected 
Based on these criteria a CO2 storage area of 820 km
2 has been defined (Figure 4-4). Table 4-2 shows the 
thickness of the ‘Emscher Mergel’ and the overburden from its base at three drilling locations. These 
data have been adopted from Gaschnitz (2001) and Kelch, 1963.  
Table 4-2. Thickness of the Creataceous overburden considered from the base of the ‘Emscher Mergel’ 
(OB) and thicknesses of the ‘Emscher Mergel’ (???), interpreted from the documentation of the drillings 
indicated in Figure 4-5. 
Well Thickness OB (m) Thickness EM (m) 
Münsterland-1 1400 800 
Natarp-1 1000 500 
Rieth-1 710 360 
4.4.2.2 Gas sorption as a function of depth 
Figure 4-5 shows the results of the interpretation of the CH4 and CO2 sorption measurements on 
Auguste Victoria coal at 40, 50 and 60°C. The isotherms are not presented on an ash-free or dry ash-free 
basis because it is known that (i) CO2 and CH4 are able to physically sorb on inorganic materials like clay 
minerals and that (ii) CO2 dissolves into water to significant amounts (Busch et al., 2008. Resulting 
Langmuir parameters are summarised in Table 4-3. 
 
Figure 4-5. Comparison of CH4 and CO2 sorption isotherms on as-received Auguste Victoria coal at 
different temperatures. 
In order to consider volumetric effects (e.g. volume of the sorbed phase, uncertainties in void volume 
calibration) associated with CO2 sorption on the coal sample a fitting procedure proposed by Siemons 
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and Busch (2007) has been used in this study to take into account of these effects. This has been done in 
order to find a way to make this capacity estimation concept comparable to other studies (e.g. Bachu et 
al., 2007; Wong et al., 2007). However this interpretation potentially neglects useful information that 
can be gathered from excess sorption isotherms. Absolute (or total) sorption capacities are used 
throughout the entire literature for CBM potential or CO2 storage capacity assessment. However, these 
can only be regarded as an interpretation of excess sorption isotherms and hence, estimates are 
possibly associated with significant errors, especially for CO2 (s. below).  
Table 4-3. Comparison of CO2 and CH4 Langmuir parameters. 
T (°C) nL (mmol/g) KL (MPa) 
CH4   
40 0.62 1.26 
50 0.61 1.72 
60 0.55 1.52 
CO2   
40 1.78 2.34 
50 1.59 2.06 
60 1.45 2.30 
 
As already mentioned above, it is shown here that gas sorption capacity decreases with temperature 
and this decrease is larger for CO2 than for CH4 (Figure 4-6). The decrease in sorption capacity with 
temperature is ~0.26 to 0.30 cc/g/K for CO2 and ~0.09 cc/g/K for CH4 and, thus similar for the three 
different pressures chosen in this study. Regression for all linear fits is excellent with R2=0.98 to 1.00.  
It will be shown later that pressure at reservoir depth in this study partly exceeds the maximum 
experimental pressure range. Therefore, for pressures higher than 20 MPa, sorption capacities have 
been extrapolated which may additionally result in an uncertainty factor. 
4. A preliminary evaluation of the CO2 storage potential in unminable coal seams... 
103 | P a g e  
 
Figure 4-6. CH4 and CO2 sorption for Auguste Victoria coal as a function of temperature at different 
pressures. 
4.4.2.3 CO2 storage and CBM recovery potential 
For the estimation of the CO2 storage potential in unminable coal seams of the Münster Cretaceous 
Basin the coal inventory model of the Geological Survey of North-Rhine Westphalia (KVB-model) has 
been used. It is based on a comprehensive assessment of the German hard coal deposits by means of a 
detailed geometric 3D model (Juch et al., 1994, Juch, 1997). Further parameters (geothermal gradient, 
CH4 gas-in-place, etc.) have been obtained from Gaschnitz (2001). Reservoir pressure was calculated 
assuming a hydrostatic pressure gradient of 0.001 MPa m-1. 
For the determination of the coal volumes in the target area the data of the KVB-model has been 
transferred to an ArcGIS-System. Subsequently coal volumes were determined and subdivided into 
depth intervals of 50 m. A depth range between 1000 and 3000 m was chosen in order to cover ~90 % of 
the coal-in-place for this area. This results in a bell-shaped curve for the amount of coal with a maximum 
at 2100 m, yielding a total cumulative value of ~37.5 Gt (109 t) (Figure 4-7).  
Figure 4-8 shows the cumulative CO2 storage potential of the target area. All parameters used for this 
calculation are listed in Table 4-4. A summary of the results is presented inTable 4-5. Three different 
approaches have been considered:  
− Case A. The coal contains no CBM (after primary CBM recovery). Therefore all sorption sites are 
accessible to CO2. The completion factor is 100 %. This results in a cumulative CO2 storage 
potential of 1220 Mt. 
− Case B: The coal contains an average CH4 GIP of 10 m³/t. This results in competitive sorption of 
CO2 and CH4. Recovery and completion factors are 100 %. This results in a cumulative CO2 
storage potential of 490 Mt. 
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− Case C: Same as case B: recovery and completion factors (80 and 40 % respectively) has been 
considered (Bachu et al., 2007; van Bergen et al., 2001). This results in a reduction of the CO2 
storage capacities of 68 % and in a cumulative CO2 storage potential of 160 Mt. 
Figure 4-9 presents the variations of the sorbed gas concentrations for CO2 and CH4 with depth, 
considering initial CH4 GIP contents of 10 m³/t. The decrease in CO2 sorption capacity is caused by a 
much stronger temperature effect as compared to CH4. Therefore, below a certain depth the increase in 
CO2 sorption with pressure is compensated by its decrease with temperature. These effects result in 
increasing CH4 sorbed gas concentrations with depth. In this example no CH4 will desorb at depths below 
~2900 m.  
Table 4-4. Parameters used for determination of CO2 storage potential in Münster Basin. 
Parameter Value Unit   
T-gradient 0.04 °C/m   
P-gradient 0.01  MPa/m (hydrostatic) 
Coal density 1.35 t/m³   
CH4 GIP
1
 10 m³/t  
Ash content 10 % 
Sorption-parameters2 
 
Langmuir Volume nL 
(mmol/g) 
Langmuir Pressure PL 
(MPa) 
T-dependent parameter m 
(mmol/g) 
CH4 0.62 1.26 -0.004 
CO2 1.78 2.34 -0.013 
1GIP = CH4 gas-in-place 
2Determination of sorption parameters at 40°C; T-dependency determines increase or decrease of sorption 
capacity with pressure. Moisture and ash contents not considered.  
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Figure 4-7. Amount of coal for selected area in the target area of the Münster Basin. 
 
Figure 4-8. CO2 storage potential in the target area. 
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Figure 4-9. CO2 storage capacity as a function of depth, considering an initial methane gas-in-place of 10 
m³/t. 
Table 4-5. Summary of cumulative amount of coal in the target area as well as CO2 storage potentials for 
the different cases considered. 
 target area unit 
cumulative mass of coal 37.5 Gt 
depth of maximum coal mass 2.1 km 
average coal thickness 37 m 
target area 820 km² 
Case A: maximum cumulative CO2 storage potential 
(no CH4 GIP) 
1.28 Gt 
Case A: relative maximum CO2 storage potential 
(no CH4 GIP) 
1.56 t/m² 
Case B: maximum cumulative CO2 storage potential 
(CH4 GIP) 
0.56 Gt 
Case B: relative maximum CO2 storage potential 
(CH4 GIP) 
0.68 t/m² 
Case C: maximum cumulative CO2 storage potential 
(CH4 GIP, considering completion and recovery) 
0.18 Gt 
Case C: relative maximum CO2 storage potential 
(CH4 GIP, considering completion and recovery) 
0.22 t/m² 
4.4.2.4 Uncertainties in determining the ECBM potential in the Münster Cretaceous Basin 
Considering the screening criteria for CO2-ECBM listed above, the central Münster Cretaceous Basin is 
not an ideal location for injecting CO2 into coal seams. Permeabilities are low (<0.5 mD), the coal seam 
formations are faulted and folded and the depth of maximum coal volumes is around 2000 m (while coal 
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seams are at 1000 to 3000 m depth), indicating high drilling costs and low injectivities. Low injectivities 
and low accessibilities can only be compensated by multiple injection wells horizontal and multilateral 
drilling (fishbone patterns), again increasing drilling costs significantly.  
There are many uncertainties associated with the considerations leading to CO2 storage potential 
estimations in this study. Only one coal sample has been used in the experimental program that was 
considered to be representative of the entire coal strata underlying the Cretaceous formations in the 
Münster Basin. In recent studies Busch et al., 2003a and Siemons and Busch, 2007 have shown that the 
CO2 sorption capacity for various coals under the same experimental conditions can vary up to 100 %. 
Since these differences are usually between very low mature coals (lignites) and hard coals, a potential 
error in the sorption capacity can be considered as high as 50 %. This value is supported by low 
pressure/temperature CO2 sorption isotherms on a suite of coals from the southern Münster Basin, 
covering maturities from 0.76 to 2.23 % VRr. 
Further, as pointed out by e.g. Bachu et al. (2007) and IPCC (2005) permeabilities lower than 1 mD are 
not suitable for CBM recovery or CO2 injection and a maximum depth for ECBM operations of 1300-1500 
m has been proposed. Since in the present study area permeabilities are <0.5 mD (Gaschnitz, 2001), the 
CO2 storage potential would essentially reduce to zero using this constriction. Low permeabilities cause 
low injectivities and therefore multiple cost-intense injection wells have to be drilled for providing a 
reasonable injection rate (e.g. CO2 emissions of an average coal-fired power plant). Directly related to 
the permeability is the CBM recovery and the CO2 storage factor, i.e. the part of the coal seam that is 
accessible to CO2 or where methane can be produced from. Here, following van Bergen et al. (2001) a 
value of 80 % has been used for the CO2 storage estimations (s. above). This value, however was applied 
for CBM recovery, not for CO2 storage. Because CO2 injection in coal seams will cause swelling, leading 
to even lower permeabilities, the recovery factor has to be reduced to a much more reasonable value of 
20 %. 
Lastly, the whole CO2 storage potential estimation is based on a coal inventory calculation model (KVB-
model) that is mainly based on extrapolations between exploration wells. Therefore an additional 
estimated error of 20 % can be assumed. 
Considering an uncertainty in the CO2 and CH4 sorption isotherms of 50 %, a reduction in the recovery 
factor from 80 to 20 % and an error in the coal volumes of 20 %, the CO2 storage potential (“Case 3”, s. 
above) reduces realistically from 160 Mt to a range of 16 to 55 Mt. 
A further uncertainty is the CBM content of the target seams. Although an average concentration of 10 
m³/t seems reasonable, lower gas contents towards larger depths can be expected. This will increase 
CO2 storage capacities; however will reduce the ECBM potential and, hence economic benefits of this 
technology. 
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Nevertheless technologies need to be investigated for the future and this example is certainly rather a 
possibility for the midterm when e.g. energy prices are high enough to consider high drilling costs or low 
CO2 storage and CBM recovery rates. Screening for “sweet spots” with locally high permeabilities and 
high coal volumes at reasonable depth could be one strategy scenario. 
4.5 Conclusion 
It is shown in this study that site selection suitable for CO2 storage and the estimation of its storage 
capacity is very complex. Among others, geological, hydrogeological, tectonic, petrophysical, and 
reservoir engineering information need to be considered in the assessment of ECBM potentials. 
In the Münster Cretaceous Basin, a storage area of 820 km² has been defined, yielding under the criteria 
chosen in this study an estimated storage potential of 160 million metric tons of CO2 within 37.5 Gt of 
coal. This dimension would provide sufficient capacity for industrial storage applications. Several fossil 
fuel fired power plants operate in the vicinity of the basin, implying moderate transport distances when 
deploying CCS. However, several aspects are considered to restrict the suitability of the basin as a CO2 
storage option. First, including possible uncertainties the CO2 storage potential estimation reduces to a 
range of 16 to 55 Mt. Second, suitable technologies for CO2 injection in coals characterized by 
permeabilities ≤0.5 mD and depth larger than ~1500 m are currently not available. Third, the defined 
storage option is situated in a densely populated area (e.g. the city of Münster), comprising a high 
sensitivity of the area concerning risks on health, safety and environment. Furthermore, leakage risks by 
the complex fault systems of the basin are understood only on a basic level.  
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5 High-pressure methane and carbon dioxide sorption on coal and shale 
samples from the Paraná Basin, Brazil 
5.1 Introduction 
Worldwide coal-bed methane (CBM) resources are estimated to range between 2976- 12649 x 1012 scf (84.2 
- 358.2 x 1012 m3) (Murray, 1996). Conventional proven gas resources are in the order of 6533 scf (185 x 
1012 m3) (BP Statistical Review of World Energy, 2009). Considering this volume of conventional proven gas 
resources, corresponding CBM gas volumes would be 46% (minimum estimate) or 193% (maximum 
estimate) (Holz et al., 2010). Presently CBM is being produced or under exploration in the USA, Canada, 
China, Australia, Germany and other countries.  
In Brazil the principal coal resources occur in the southern part of the Paraná Basin, associated with the 
Permian age Rio Bonito Formation. Earlier studies (Kalkreuth and Holz, 2000; Kalkreuth et al., 2003) have 
identified the Santa Terezinha coalfield (Figure 5-1), Rio Grande do Sul (RS), as the prime candidate for coal-
bed methane exploration in Brazil, based on coal distribution (coal thickness, lateral continuity of coal 
beds), size and depth of coal beds and coal rank, estimating a CBM gas-in-place (GIP) volume of 672 x 109 
scf (19 x 109 m³) for this coalfield.  
 
Figure 5-1. Location of the Santa Terezinha coal field, State of Rio Grande do Sul, Brazil (Kalkreuth et al., 
2008b). 
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In 2007 the first Brazilian CBM test well (CBM 001-ST-RS) was drilled in the Santa Terezinha Coalfield (Figure 
5-1), where samples from 12 coal seams and carbonaceous shales were collected from an depth interval of 
605 to 638 m using wire line core retrieval techniques, followed by canister desorption tests and coal 
quality analyses of a total of 24 samples (Kalkreuth et al., 2008a; Kalkreuth et al., 2008b). Total gas contents 
(desorbed gas, lost gas, estimated residual gas) were found to range from 0.34 to 2.18 m3/t with an average 
value of 1 m3/t). Gas composition was determined on nine samples, indicating that methane constitutes > 
94 Vol. % in all samples (Kalkreuth et al., 2008b), with minor contributions of hydrocarbon homologues 
(ethane, propane, butane), CO2 and N2. Stable carbon isotope values indicate a mixed (thermal/biogenic) 
origin of the methane (Kalkreuth et al., 2008b). Based on the averaged total desorbed gas volume, and 3D 
modeling of the coal volume in an area 20 x 40 km (Kalkreuth et al., 2008b) a total gas in place (GIP) of 194 
x 109 (5.5 109 m3) CH4 was estimated to be associated with the coals and carbonaceous shales.  
Only few studies have been published on the evaluation of the gas storage capacity of coals from Brazil. 
Soares, 2007 performed sorption experiments on dry coals from Santa Catarina State at sub-atmospheric 
pressures (<1 bar) and at a temperature of 30°C. They report CO2 storage capacities ranging between 0.089 
and 0.186 mmol/g.  
In the present study on seven samples (coal and carbonaceous shale) from the CBM-001-ST-RS well (Table 
5-1), high pressure sorption isotherms were measured for methane (CH4) and carbon dioxide (CO2), to 
evaluate the potential for coalbed methane (CBM) production, enhanced CBM recovery (CO2-ECBM) and 
CO2 sequestration in the Santa Terezinha coalfield. 
Earlier studies revealed that the moisture content of coal has a reducing effect on methane (Joubert et al., 
1973) and carbon dioxide sorption capacity (Crosdale et al., 2008; Day et al., 2008a; Krooss et al., 2002; 
Ozdemir and Schroeder, 2009). To evaluate the effect of moisture for Brazilian coals, high pressure sorption 
isotherms for methane and carbon dioxide have been measured on one coal, first in the as received 
moisture and then in the moisture equilibrated state. In addition, this study includes five shale samples 
(Table 5-1) considered to be the principal petroleum source rocks of the Paraná Basin (Ponta Grossa Fm., 
Devonian; Irati Fm., Permian). 
5.2 Geological setting 
The Paraná Basin is a huge intracratonic basin, located in southern Brazil, Paraguay, Uruguay and Argentina, 
covering an area in excess of 1,400,000 km2. Sediments and volcanic rocks of the basin range in age from 
Ordovician to Cretaceous (Milani et al., 2007; Zalãn et al., 1991; Zalãn et al., 1990), with a cumulative 
thickness in excess of 7000 m in the depocentre. The samples analysed in this study come from the Permian 
age Irati and Rio Bonito formations and from the Devonian age Ponta Grossa Formation. 
 
5. High-pressure methane and carbon dioxide sorption on coal and shale samples from the Paraná 
111
. Sample list and results of proximate and petrographic analyses, for stratigraphic position of canister samples see Fig. 2. 
Form Age 
Sample 
Type 
Seam 
interval, 
(Canister #) 
Depth [m] 
Total Gas 
Content 
[m3/t coal]* 
M.V. [%] 
(M.V. % 
daf) 
Ash 
Yield 
[wt.%] 
TOC 
[wt.%] 
VRr [%] 
Moisture 
Content 
[wt.%, a.r.] 
VIT, mmf 
[Vol%] 
LIP, 
mmf 
[Vol%] 
Irati Permian shale n.d. n.d. n.d. n.d. n.d. 1.62 n.d. 0.92 n.d. n.d. 
Irati Permian shale n.d. n.d. n.d. n.d. n.d. 24.21 n.d. 1.65 n.d. n.d. 
Irati Permian shale n.d. n.d. n.d. n.d. n.d. 11.66 n.d. 1.20 n.d. n.d. 
Rio Bonito Permian carb sh L1, (2) 609.10 0.38 
5.00 
(79.37) 
93.11 1.73 2.61 1.38 10.0 0.0 
Rio Bonito Permian carb sh L2, (3) 610.30 1.04 
9.94 
(39.99) 
67.21 21.09 1.51 1.33 42.0 0.5 
Rio Bonito Permian coal C, (7) 618.24 1.69 
19.73 
(37.88) 
35.8 n.d. 0.82 0.98 46.0 6.0 
Rio Bonito Permian coal D, (11) 620.80 2.18 
21.26 
(43.19) 
41.99 43.9 0.92 0.93 53.0 9.0 
Rio Bonito Permian carb sh G, (20) 630.35 0.68 
15.20 
(42.26) 
61.1 n.d. 1.62 0.89 20.0 6.0 
Rio Bonito Permian coal H, (22) 636.47 1.03 
22.72 
(43.17) 
44.9 n.d. 0.88 0.59 61.0 0.0 
Rio Bonito Permian carb sh I, (24) 637.86 0.31 
10.10 
(52.80) 
81.69 11.13 1.05 0.82 17.0 4.0 
Ponta 
Grossa 
Devonia
n 
shale 
n.d. n.d. n.d. n.d. n.d. 
1.29 n.d. 3.26 
n.d. n.d. 
Ponta 
Grossa 
Devonia
n 
shale 
n.d. n.d. n.d. n.d. n.d. 
0.70 n.d. 1.01 
n.d. n.d. 
*includes measured desorbed gas, lost gas and estimated rest gas, from Kalkreuth et al (2008b) 
a.r.=as received; VRr[%]=mean vitrinite reflectance value, determined in random mode; VIT=vitrinite; LIP=liptinite; IN=inertinite; 
mmf=mineral matter-free basis; carb sh=carbonaceous shale, n.d.= not determined 
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5.2.1 Irati Formation 
According to Milani, 1997 the Permo-Carboniferous sequence of the Paraná Basin was deposited during 
maximum flooding of the basin. The organic-rich bituminous shales, siltstones, sandstones and carbonates 
of the Permian Irati Formation occur basinwide from the state of Rio Gande do Sul in the south, to the state 
of Mato Grosso in the north (a distance of approximately 2500 km). The Irati Formation varies in thickness 
from 10 - 50 m, with major bituminous shale development in Rio Grande do Sul (Padula, 1969), where 
cumulative shale thickness reaches up to 13.5 m.  
The bituminous shales of the Irati Formation are considered the principal petroleum source rocks of the 
basin (Milani and Zalán, 1999), with TOC contents between 8-13 wt.%, and TOC peaks in excess of 20 wt.%. 
Level of preservation of the organic matter (kerogen type I/II) was controlled by variations in the redox 
potential during deposition (Medeiros de Araújo et al., 2004). 
5.2.2 Rio Bonito Formation 
Coal deposits occur in the southern part of the Paraná basin in the Permian age Rio Bonito Formation, a 
fluvial to marine sand- and shale prone lithostratigraphic unit (Holz, 1998), where peat accumulated in 
coastal mires that formed in a back barrier/strand plain depositional system (Holz and Kalkreuth, 2004; Holz 
et al., 2000). In the Santa Terezinha coalfield the cumulative coal thickness increases towards the north-
east from ca. 4 m to more than 10 m, with individual coal seam thicknesses of up to 3 m (Kalkreuth and 
Holz, 2000).  
Coal rank, based on vitrinite reflectance values, also increases towards the north-east, from sub-bituminous 
to high volatile A bituminous. Local diabase intrusions have increased locally the thermal maturity of the 
coals to semi-anthracite and anthracite rank, with vitrinite reflectances of up to 5.46% VRr. (Kalkreuth and 
Holz, 2000; Kalkreuth et al., 2008a; Kalkreuth et al., 2008b). Petrographic analysis of coal seams from the 
Santa Terezinha coalfield indicated high inertinite contents, often exceeding 50%, and also high mineral 
matter contents (Araújo et al., 1995; Kalkreuth et al., 2008a; Kalkreuth et al., 2006; Kalkreuth et al., 2008b) 
grading coal seams into carbonaceous shale. 
Recent sequence stratigraphic analysis (Kalkreuth et al., 2008a; Kalkreuth et al., 2008b) identified five coal 
bearing sequences (parasequences) in the Santa Terezinha Coalfield, with major coal development in 
parasequence 2. 
5.2.3 Ponta Grossa Formation 
Marine shale and sandstones of the Devonian Ponta Grossa Formation are widespread in the Paraná Basin 
(Zalãn et al., 1991; Zalãn et al., 1990), reaching a maximum thickness of about 600 m (Neto, 1995). Black 
shales developed in the São Domingo Member of the Ponta Grossa Formation (Candido and Rostirolla, 
2007) are considered important source rocks in the Paraná Basin (Milani and Zalán, 1999), with TOC 
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contents ranging between 1.5 - 2.5 wt.%, occasionally reaching more than 4 wt.%. The organic matter is of 
kerogen type II and accumulated paleogeographically in an epicontinental sea depositional environment. 
5.3 Samples 
Seven coal and carbonaceous shale samples (Table 5-1) were obtained from the CBM pilot well CBM-001-
ST-RS, drilled in early 2007 in the Santa Terezinha Coalfield, State of Rio Grande do Sul (RS), Brazil. The 
samples were collected from a depth interval between 605 and 638 m, using a wireline core retrieval 
technique. A stratigraphic overview of the CBM well as well as locations of sampled seam intervals are 
shown in (Figure 5-2). 
 
Figure 5-2. Stratigraphic profile of the CBM-001 ST RS well and position of canister samples analysed by 
Kalkreuth et al. (2008b). Sorption experiments of the present study were carried out on samples from 
canisters 2, 3, 7, 11, 20, 22, 24. 
Additionally, three oil shale samples of the Permian Irati Formation and two Devonian source rock samples 
of the Ponta Grossa Formation have been investigated in this study. 
Excess sorption isotherms for CH4 and CO2 were measured in the “as received” moisture state, i.e. without 
drying. To assess the effect of moisture on sorption isotherms, methane and carbon dioxide sorption 
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isotherms were measured both in the “as received” state and after moisture equilibration on one coal 
sample (07_166).  
5.4 Methods and Experimental procedures 
A detailed description of the sample preparation experimental method for recording sorption isotherms is 
provided and sample preparation in Section 2.2.1.1 and in Busch et al., 2004a. 
5.4.1 Coal characterisation 
Proximate analyses of coal samples were carried out according to DIN 51700: “Testing of solid fuels”. The 
analysis comprised a thermo-gravimetric determination of the “as received” (hygroscopic) moisture 
content (DIN 51718) and ash yield (DIN 51719). All analyses were performed in triplicate on powdered sub-
samples (1 g, <0.2 mm grain size). 
Optical petrographic characterization was performed on grain mounts and polished blocks according to 
common petrographical procedures (e.g. Bustin et al., 1989) at the Instituto de Geociencias Laboratories, 
Porto Alegre, Brazil. The characterization comprised vitrinite reflectance measurements (VRr %) and 
maceral group analysis (point counting). 
Total organic carbon (TOC) contents were determined in duplicate with a multiphase carbon analyzer RC-
412 (LECO, USA). Sample quantities of the carbonaceous shale were in the range of 50 mg, with grain sizes 
<0.2 mm. 
5.5 Results and Discussion 
5.5.1 Proximate Analysis 
The results of the proximate analyses (“as received” moisture content and ash yield) are summarized in 
Table 5-1. Moisture contents of coal and carbonaceous shale samples from the CBM well range between 
0.6% and 1.4%, and from 0.9% to 3.3% for the shale samples from the Irati and Ponta Grossa formations. 
Comparison of moisture contents measured in Brazil, shortly after retrieval of samples from the CBM well, 
with “as received” moisture contents measured ca. 1.5 years later in the RWTH laboratory, Aachen, 
revealed an average moisture loss of 0.3 wt% (Figure 5-3). Ash yields for the CBM well samples, reported on 
a dry basis, are generally high, ranging from 36% to more than 90%. This indicates that coal seams are 
grading into carbonaceous shales. A comparison of ash yields, determined at Universidade Federal do Rio 
Grande do Sul, (UFRGS) and at RWTH Aachen University, revealed no significant differences. 
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Figure 5-3. Comparison of moisture content determined after sample acquisition in Brazil (UFRGS) and later 
before sorption tests in Germany (RWTH) indicating drying of powdered coal samples. 
5.5.2 TOC contents 
TOC values for the two samples from Ponta Grossa Formation were 0.7% and 1.3% while the Irati oil shale 
had TOC contents extending from 2.3 to 26.3%. The TOC values of the samples from the Rio Bonito 
Formation ranged from 1.7% to 43.9%.  
5.5.3 Coal Petrography 
5.5.3.1 Vitrinite Reflectance 
Coals from the Rio Bonito formation in the Santa Terezinha Coalfield are of high volatile bituminous rank 
(Kalkreuth et al., 2003) and have reached anthracite rank locally, where the coal seams were thermally 
altered by diabase intrusions. The measured vitrinite reflectance values for the coals and carbonaceous 
shales from the CBM well range between 0.8 and 2.6%, with coals in contact with igneous intrusions 
(interval L and G) showing the highest vitrinite reflectance. 
5.5.3.2 Maceral group analysis 
The maceral compositions of the Rio Bonito samples show large variations (Table 5-1). Inertinite contents 
are generally high and range from 38% to 90% with an average value of 61%. Most coals with high vitrinite 
reflectance (>1%) also show high inertinite contents (>50%). Liptinite is absent in coal seams from interval L 
and H and reaches its highest value of 9% in interval D. Vitrinite content varies between 10% in interval L1 
and 61% in interval H. 
5.5.4 Gas contents 
The coalbed gas contents of different intervals of the Rio Bonito CBM well have been reported previously 
by Kalkreuth et al. (2008b), based on temperature and pressure controlled gas (canister) desorption values. 
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Gas contents range between 0.3 and 2.1 m³/t coal with the highest values in intervals C and D at a depth of 
~ 620 m. Coal samples with less than 1% vitrinite reflectance show the highest gas contents. However, no 
clear correlation of gas content with maturity is observed. A slight correlation of gas content with 
increasing sorption capacity was observed for methane. This trend is less expressed for carbon dioxide 
(Figure 5-4). 
 
Figure 5-4. Correlation of excess sorption capacity with gas content of coal and carbonaceous shale from 
CBM 001-ST-RS well. 
5.5.5 Results of gas sorption experiments 
Most gas sorption isotherms in this study were measured at 45°C and pressures up to 17 MPa for methane 
and up to 25 MPa for carbon dioxide. Three samples (07_153, 07_177, 07_186) were measured at 35°C. 
This temperature is only slightly above the critical temperature of CO2 (31.1°C) where the CO2 density is 
very sensitive to temperature variations. Sorption isotherms for CO2 in this temperature range therefore 
carry an inherent risk of inaccuracy due to even slight errors in temperature measurements. 
Maximum measured excess sorption values and the Langmuir parameters (nL and PL for CH4 and nL, PL and 
ρads for CO2), obtained from approximation of the experimental data are listed in Table 5-2. Results of 
sorption measurements are reported in units of mmol/g, and in mmol/g dry, ash-free coal (daf). Conversion 
of the adsorbed amount of substance to gas volumes (Std. m³/t coal, daf) was performed using the 
standard conditions for gases (IUPAC, 2001). 
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Table 5-2. Results of high pressure methane and carbon dioxide sorption experiments measured at 45°C. 
 CH4 isotherms Langmuir parameter 
sample 
number 
nmax CH4 
[mmol/g] 
nmax 
[mmol/g, 
daf] 
Vmax [m³/t, 
daf] 
nL CH4 
[mmol/g] 
nL [mmol/g] 
daf 
PL [MPa] 
VL [m³/t] at 
6.25 MPa  
He density 
[g/cm³] 
07_114 0.05 0.79 17.94 0.07 1.02 4.09 0.95 2.32 
07_117/118 0.25 0.77 17.49 0.28 0.87 2.31 4.68 2.29 
07_153a 0.22 0.34 7.72 0.27 0.43 3.73 n.d. 1.84 
07_166 0.47 0.81 18.40 0.57 0.99 4.23 7.72 1.66 
07_166b 0.25 0.44 9.99 0.30 0.53 3.35 4.06 1.70 
07_177a 0.12 0.31 7.04 0.15 0.38 3.34 n.d. 2.07 
07_186a 0.20 0.37 8.40 0.25 0.46 3.47 n.d. 1.83 
07_181 0.14 0.77 17.49 0.18 1.02 5.79 2.18 2.04 
08_100 0.02 1.63c n.d. 0.04 3.37c 16.09 n.d. 2.59 
08_101 0.05 7.78c n.d. 0.08 11.45c 7.09 n.d. 2.46 
08_168 0.25 1.02c n.d. 0.37 1.52c 8.39 n.d. 1.90 
08_170 0.13 1.27c n.d. 0.25 2.36c 14.16 n.d. 2.25 
08_154 0.03 1.28c n.d. 0.04 1.77c 5.65 n.d. 2.72 
 
 CO2 isotherms Langmuir parameter 
sample 
number 
nmax 
[mmol/g] 
P at nmax 
[MPa] 
nmax (CO2 
/CH4 
Vmax 
[m³/t] 
nL 
[mmol/g] 
PL 
[MPa] 
ρsorbate 
[g/cm³] 
VL [m³/t] at 
6.3 MPa  
VLCO2/ VLCH4 
at 6.3 MPa 
He dens 
[g/cm³] 
07_114 0.25 8.70 4.58 5.63 0.69 8.43 960 6.66 7.0 2.81 
07_117/118 0.34 9.47 1.36 7.69 0.80 6.19 1133 9.14 2.0 2.46 
07_153a 0.81 6.88 3.40 18.45 1.91 3.40 n.d. n.d. n.d. 1.72 
07_166 0.64 7.94 1.38 14.56 1.11 3.18 1129 16.63 2.2 1.88 
07_166b 0.28 7.65 1.12 6.38 0.43 1.87 825 6.47 1.59 1.69 
07_177a 0.39 7.35 3.30 8.91 1.18 1.14 n.d. n.d. n.d. 1.93 
07_186a 0.55 6.34 2.71 12.45 1.54 3.56 n.d. n.d. n.d. 1.66 
07_181 0.35 9.08 2.51 7.92 0.90 12.01 862 6.99 3.2 2.02 
08_100 0.20 9.083 10.01 4.62 0.78 20.0 882 n.d. n.d. 2.23 
08_101 0.16 8.13 3.00 3.68 0.69 19.03 902 n.d. n.d. 2.71 
08_168 0.54 9.63 2.13 12.21 2.02 15.0 907 n.d. n.d. 1.88 
08_170 0.359 7.32 2.76 8.15 1.25 13.43 823 n.d. n.d. 2.27 
08_154 0.14 8.73 4.93 3.22 0.65 19.9 960 - - 2.72 
a= measured at 35°C; b= moisture equilibrated; c= [mmol/g TOC]; nL= Langmuir sorption; PL= Langmuir pressure; nmax= maximum 
excess sorption; n.d.= not determined 
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5.5.5.1 Methane sorption isotherms 
The methane sorption isotherms, measured on the coal and carbonaceous shale samples from the Rio 
Bonito Formation of the CBM-001-ST-RS well are shown in Figure 5-5 and Figure 5-6. Sorption capacities for 
these samples range between 0.07 and 0.57 mmol/g (0.38 to 1.02 mmol/g coal, daf). Normalization of 
sorption isotherms to the dry ash-free basis shows that the first three samples have a significantly lower 
sorption capacity. This is controversial because these isotherms were measured at a lower temperature 
(35°C) than the other samples (45°C). The reason for the lower sorption capacity is most likely a difference 
in moisture content during measurements. As described in chapter 5.1, coal samples lost a significant 
amount of water before sorption tests. It is very likely that samples measured at 45°C lost additional 
moisture until measured. However, most sample material was consumed and thus isotherms measured at 
35°C could not be re-measured at 45°C and the moisture loss could not be quantified. For better 
comparison, isotherms measured at 35°C have been excluded in further data interpretation. 
 
 
Figure 5-5. Methane sorption isotherms (45°C) with Langmuir approximations (black lines) for coal and 
carbonaceous shale samples from the Permian Rio Bonito Formation of CBM well 001-ST-RS on a raw basis 
(top) and dry, ash-free basis (bottom). 
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The experimental data were fitted by the Langmuir sorption function (1) and the 3-parameter function (2), 
shown in the diagrams. The Langmuir parameters nL and PL for the individual sorption isotherms are listed 
in Table 5-2. Methane sorption isotherms, measured on the Permian and Devonian carbonaceous shales 
are shown in Figure 5-7. As expected, the shale samples show lower methane sorption capacities (between 
0.04 and 0.37 mmol/g) than coals. Normalized to TOC content, sorption capacities of the shale samples are, 
however, significantly higher than capacities of coal samples on a daf basis (1.5 to 11.5 mmol/g, TOC). For 
shale samples with low TOC contents (<3 %) (e.g. samples 08_100, 08_101 and 08_154), the bulk excess 
sorption values are also low and bear a relatively large error. The potential analytical error is increased by 
experimental uncertainties in the assessment of low TOC values. In consequence, the TOC-normalization of 
the sorption isotherms is likely to overestimate the methane sorption capacity of these samples. 
 
Figure 5-6. Methane sorption isotherms (35°C) with Langmuir approximations (black lines) for coal and 
carbonaceous shale samples from the Permian Rio Bonito Formation of CBM-001-ST-RS well on a raw basis 
(top) and dry, ash-free basis (bottom). 
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Figure 5-7. Methane sorption isotherms ) with Langmuir approximations (black lines) for Permian (Irati) and 
Devonian (Ponta Grossa) shale samples on a raw basis (top) and TOC basis (bottom, sample 08_101 with 
TOC < 1 % not included). 
The gas contents of coals from the CBM-001-ST-RS well are lower than their CH4 sorption capacity (excess 
sorption), i.e. the coals are under-saturated in methane. Assuming a hydrostatic pressure gradient of 10 
MPa/km, the reservoir pressure in the depth interval under consideration should range between 6.1 and 
6.4 MPa. Sorption capacities for the mean reservoir pressure (6.25 MPa) calculated from the Langmuir fits 
range between 7.7 and 16.5 m³/t coal. The actual methane contents of the coal seams, determined by 
canister desorption, thus represent between 13 and 38% of the sorption capacity. 
5.5.5.2 Carbon dioxide sorption isotherms 
Carbon dioxide excess sorption isotherms measured at 45°C on coal and carbonaceous shales from well 
CBM-001-ST-RS are shown in Figure 5-8, and another set of isotherms measured at 35 °C in Figure 5-9. 
While the 45°C isotherms were determined up to pressures of more than 20 MPa, the 35 °C isotherms were 
recorded only up to a pressure of ~7 MPa. Figure 5-10 shows 45°C CO2 sorption isotherms measured for the 
Permian (Irati) and Devonian (Ponta Grossa) shales.  
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Figure 5-8. Carbon dioxide sorption isotherms for coal and carbonaceous shale samples from well CBM-001-
ST-RS on a raw basis (top) and dry, ash-free basis (bottom), measured at 45°C. 
The CO2 isotherms at 45°C typically exhibit a maximum in the 8 to 12 MPa pressure range and then show a 
continuous decline. The maximum is related to the steep increase in the specific density of supercritical CO2 
in the corresponding pressure range (cf. Gensterblum et al., 2009). Maximum excess sorption capacities for 
CO2, measured in this pressure interval, range from 0.25 to 0.81 mmol/g (5.6 to 18.5 m³/t) for coals and 
carbonaceous shales and from 0.14 to 0.54 mmol/g (3.2 to 12.2 m³/t) for the shales from the Irati and 
Ponta Grossa formations.  
The measured CO2 isotherms were approximated by the excess sorption function given in equation 2. The 
three parameters nL, PL and ρadsorbed, adjusted by a least-squares optimization procedure, for the individual 
isotherms are listed in Table 5-2.  
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Figure 5-9. Carbon dioxide sorption isotherms for coal and carbonaceous shale samples from CBM well 001-
ST-RS on a raw basis (top) and dry, ash-free basis (bottom), measured at 35°C. Solid lines represent 
Langmuir fit. 
Some of the CO2 isotherms for the shale samples (Figure 5-10) showing pronounced maximum with a steep 
decline in the pressure range between 9 and 11 MPa. These isotherms could not be satisfactorily 
approximated by the 3-parameter fitting function. Isotherms with similar shapes were obtained by Busch et 
al. (2008) for CO2 sorption on the Australian Muderong shale and on pure clay minerals, such as illite, 
montmorillionite and kaolinite.  
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Figure 5-10. Carbon dioxide sorption isotherms for Permian (Iratí) and Devonian (Ponta Grossa) shale 
samples on a raw basis (top) and TOC basis (bottom), measured at 45 °C. 
5.5.6 Effect of mineral matter content (ash yield) on gas sorption 
Coal seams from the Santa Terezinha coalfield are known to have high mineral matter and inertinite 
contents as reported by Araújo et al. (1995) and more recently by Kalkreuth et al. (2006, 2008a,b). It has 
been suggested that the high ash yields of coals from the Rio Bonito Formation are related to the 
occurrence of diamictites (Begossi and Della Fávera, 2002). X-ray diffraction analysis on coal samples from 
the CBM-001-ST-RS well revealed that the mineral matter is mostly composed of quartz, kaolinite and mica, 
with minor contributions of pyrite, ankerite, calcite, dolomite, albite and alunite (Kalkreuth et al., 2008b).  
Using the ash yield as a proxy for the mineral matter content, Figure 5-11 shows an essentially linear 
decrease of the maximum sorption capacity of methane and carbon dioxide with increasing mineral matter 
content for the coals and carbonaceous shales from the CBM-001-ST-RS well. The regression line for 
methane indicates that the sorption capacity is close to zero for ash yields approaching 100%, i.e. an 
organic matter content of zero. This supports the predominant role of organic matter in methane sorption 
in coals and carbonaceous sediments and is in agreement with findings reported, for instance, for 
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Australian Bowen Basin coals (Laxminarayana and Crosdale, 1999) and coals from British Columbia 
(Clarkson and Bustin, 2000). According to the regression in Figure 5-11, the maximum sorption capacity for 
methane in the CBM-001-ST-RS well samples decreases by 0.009 mmol/g for each 1% increase in ash yield. 
This is somewhat lower than the value of 0.38 cm³/g (0.017 mmol/g) reported by Laxminarayana and 
Crosdale (1999), which is likely to reflect differences in the type (maceral composition) and maturity of the 
organic matter. 
 
Figure 5-11. Maximum excess sorption capacities (45 °C) of methane and carbon dioxide as a function of ash 
yield for coals and carbonaceous shales from CBM well 001-ST-RS. 
The maximum sorption capacity of carbon dioxide for the CBM-001-ST-RS well samples decreases by 0.008 
mmol/g for each 1% increase in ash yield. The regression shows that at ash yields approaching 100%, i.e. 
organic carbon contents approaching zero, the samples still exhibit a considerable CO2 sorption capacity 
(approximately 0.183 mmol/g) which can be attributed to the mineral matter. 
Figure 5-12 shows maximum excess sorption capacities of methane and carbon dioxide for coal and shale 
samples from the CBM-001-ST-RS well and Permian (Irati) and Devonian (Ponta Grossa) formations as a 
function of organic carbon contents (TOC). The following linear regression functions were obtained:  
CH4 (mmol/g) = 0.009 · TOC (%) + 0.026 
CO2 (mmol/g) = 0.008 · TOC (%) + 0.183 
y = -0.008x + 0.798
R² = 0.998
y = -0.007x + 0.913
R² = 0.892
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Figure 5-12. Maximum excess sorption capacities for methane and carbon dioxide (8-12 MPa pressure 
range, 45°C) vs. TOC contents of coal and shale samples from CBM-001-ST-RS well and Permian (Iratí) and 
Devonian (Ponta Grossa) shale samples. 
As stated above, the regression function for CO2 indicates that the mineral matter exhibits a significant 
sorption capacity (0.183 mmol/g) for this gas. This finding is in general agreement with results reported by 
Nuttall et al. (2005), who evaluated the potential for carbon dioxide sequestration and enhanced natural 
gas production of Devonian black shales in Kentucky. These workers find a linear increase of CO2 sorption 
capacity at 400 psia (2.75 MPa) with TOC content described by the regression function: 
CO2 (scf/ton) = 7.9 · TOC (%) + 20.7 (CO2 pressure = 400 psia) 
Expressed in metric units and amounts of substance this yields:  
CO2 (mmol/g) = 0.009 · TOC (%) + 0.025 (CO2 pressure = 2.75 MPa) 
According to these results, the mineral matter in the Devonian black shales of Kentucky would have a 
significantly lower CO2 sorption capacity than the sample sequences from the Paraná Basin investigated in 
the present study.  
Table 5-3 shows a comparison of X-ray diffraction mineralogy for Santa Terezinha coal samples reported by 
Kalkreuth et al. (2006) and for Ohio shale samples (Huron Formation) reported by Nuttall et al. (2005). 
Evidently, shales and some pure clay minerals exhibit a significant sorption capacity for CO2. Busch et al. 
(2008) reported CO2 sorption capacities for the Muderong shale and pure clay minerals (kaolinite, 
montmorillonite and illite), ranging from 0.1 mmol/g to 1.2 mmol/g for “as received” samples. The higher 
kaolinite and carbonate (calcite, ankerite and siderite) content of coal samples explain the larger CO2 
sorption capacity of Brazilian coal samples. The Ohio shale has larger contents of illite and mica, as well as 
higher amounts of chlorite, plagioclase pyrite and quartz. Illite is reported to have a higher CO2 sorption 
capacity compared to kaolinite (Busch et al., 2008). However, the sum of kaolinite and illite content is 
y = 0.010x + 0.183
R² = 0.900
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higher for the coal samples compared to the Ohio shale. The higher carbonate content of the coals could 
also contribute to higher CO2 sorption capacities through carbonate dissolution. However, this comparison 
is based on few literature data of coal samples. To better understand the variation of CO2 sorption capacity 
of mineral matter, a more thorough mineralogical characterization of Santa Terezinha coal samples and 
shale samples in combination with isotherm measurements is required.  
Particularly for high-ash coals and carbonaceous shales carbon dioxide adsorption on the mineral matter 
cannot be neglected and therefore normalization to a dry, ash-free basis is not appropriate. 
5.5.7 Effect of moisture on sorption isotherms 
It is well known that the moisture content of a coal significantly influences its methane sorption capacity 
(Crosdale, 1999; Day et al., 2008c; Joubert et al., 1973; Yalcin and Durucan, 1991). To investigate the effect 
of moisture, in addition to the measurements on the “as received” sample, methane and CO2 sorption 
isotherms were measured on one coal (07_166) in the moisture-equilibrated state (Figure 5-13 and Figure 
5-14). The equilibrium moisture content of this sample was 2.44 wt.%, while the hygroscopic (as received) 
moisture content was 0.98 wt.%. The methane sorption capacity of the moisture-equilibrated coal sample 
is significantly lower (0.30 mmol/g; 0.53 mmol/g, daf) than the sorption capacity of the “as received” 
sample (0.57 mmol/g; 0.99 mmol/g, daf). This corresponds to a reduction by 45%. 
For carbon dioxide the maximum excess sorption of the moisture-equilibrated sample was 0.28 mmol/g, 
which is 56% lower than for the “as received” coal (0.64 mmol/g). This indicates a stronger competition for 
sorption sites (e.g. with functional oxygen groups) between water and CO2 than for methane, which is in 
contrast to observations by Day et al. (2008a), who found that water saturation caused a stronger 
reduction of sorption capacity for methane than for carbon dioxide for a high volatile bituminous Australian 
coal (Hunter Valley, Australia, Rmax = 0.8%). According to this study, clusters of water molecules attach to 
pores with polar sites, which then can become inaccessible for other adsorbates. CO2 can adsorb on top of 
the polar water clusters, whereas CH4 is limited to hydrophonic sorption sites and thus the reduction of 
methane sorption capacity would be greater than the reduction of CO2 sorption capacity. This effect 
diminished for a high rank coal (Illawara, Australia, Rmax = 1.4%) whith fewer polar sorption sites. Day et al. 
(2008a) also argue that the smaller kinetic diameter of CO2, compared to CH4 would allow carbon dioxide 
to enter some of the blocked pores, whch methane could not access. The observation in the present study, 
that moisture equilibration results in higher reduction of CO2 sorption capacity compared to methane 
sorption capacity, is based only on one sample, further investigation is needed to examine this effect in 
more detail. 
Table 5-3. Semi quantitative and quantitative X-ray mineralogy 
Santa Terezinha Coal (Kalkreuth et al., 2006) 
 seam I D G 
Quartz 40% 45% 30% 
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Kaolinite 30% T 60% 
Siderite 15% R R 
Calcite T 15% n.d. 
Ankerite n.d. 15% n.d. 
Illite M M 10% 
Pyrite n.d. M n.d. 
Feldspar T T T 
Dolomite n.d. T n.d. 
Sphalerite T R R 
Bassanite n.d. T T 
Apatite T R T 
Rutile R n.d. T 
Hematite T R n.d. 
Ohio Shale Nuttall et al., (2005) 
  formation Lower Huron Middle Huron Upper Huron 
Quartz 48% 47% 51% 
Kaolinite 1.3% 2.5% 2.3% 
Barite 1.1% 0.6% 0.7% 
Calcite 0.3% 1.1% 0.3% 
Gypsum 0.3% 0.3% 0.5% 
Illite+Mica 25% 29% 25% 
Pyrite 8.6% 6.2% 5.4% 
Feldspar (Plagioclase) 5.4% 7.0% 7.5% 
Fe-Dolomite 5.4% 1.3% 4.4% 
Chlorite 4.1% 5.0% 3.1% 
T=trace amount ≤ 5%, M=minor amount >5 ≤10 %, R=rejected, n.d.=not detected 
 
 
Figure 5-13. Effect of moisture on methane sorption for coal sample 07_166. At equilibrium moisture 
(2.44%) the sorption capacity is 45% lower as compared to the “as received” coal (moisture content: 0.93%). 
Solid lines represent Langmuir fit. 
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Figure 5-14. Effect of moisture on carbon dioxide sorption for coal sample 07_166 from CBM well ST-RS-001. 
At equilibrium moisture (2.44%) the sorption capacity is 56% lower as compared to the “as received” coal 
(moisture content: 0.93%). Solid lines represent 3-parameter fit. 
5.5.8 Effect of coal maceral composition on sorption isotherms 
The effect of maceral composition on methane and carbon dioxide sorption on coals is related to 
differences in microporosity of the macerals. Vitrinite is predominantly microporous, whereas inertinite is 
rather meso- to macroporous (Lamberson and Bustin, 1993). Some authors report a significant influence of 
maceral composition on sorption capacities (e.g. Chalmers and Bustin, 2007; Lamberson and Bustin, 1993; 
Mastalerz et al., 2004), whereas others could not observe such a relationship (e.g. Day et al., 2008a; Faiz, 
2007; Krooss et al., 2002). To compare the effect of coal composition on sorption, isotherms have to be 
normalized to a dry ash-free basis. Lamberson and Bustin (1993) report increasing methane sorption with 
increasing vitrinite content on medium-volatile coals from British Columbia. Chalmers and Bustin (2007) 
report higher methane sorption capacity for liptinite-rich coals with low microporosity, where methane is 
held as solution gas. Mastalerz et al. (2004) observed a relationship between maceral composition of coals 
from Indiana (high volatile bituminous C) and CO2 sorption capacity, measured at 2.8 MPa (400 psi) and 
17°C (62°F). They found increasing CO2 sorption capacities for coals with higher vitrinite content and 
suggest that telocollinite content may be of greatest influence on CO2 sorption capacity of all macerals. 
Coals with higher liptinite content showed lower CO2 sorption capacities. No correlation between methane 
or carbon dioxide sorption capacity and petrographic composition of coal was observed for coals and 
carbonaceous shale samples analyzed in this study (Figure 5-15). As mentioned in section 5.6, the 
normalization of carbon dioxide sorption isotherms, measured on high ash coals, to the dry, ash free basis 
is prone to overestimation of sorption capacity, which could mask a correlation of CO2 sorption capacity 
with maceral composition. Laxminarayana and Crosdale, 1999b found that the influence of maceral 
composition on gas adsorption decreases with increasing rank. The high rank of some coals analyzed in this 
study (high volatile bituminous A – anthracite) might explain why no correlation with maceral composition 
was observed.  
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Figure 5-15. Maximum excess sorption of capacity of methane and carbon dioxide vs. vitrinite content for 
coal samples from well CBM-001-ST-RS. 
5.5.9 Effect of maturity on sorption isotherms 
Previous studies report that methane sorption capacity decreases with increasing rank to a minimum in the 
medium volatile bituminous range, followed by an increase with increasing rank (Yalcin and Durucan, 1991, 
Faiz et al., 2007). This effect has also been observed for carbon dioxide sorption capacity (Busch et al., 
2003, Day et al., 2008). With increasing thermal maturity the microporosity of coal increases (Bustin and 
Clarkson, 1998; Chalmers and Bustin, 2007; Prinz and Littke, 2005). Since most of the physical adsorption 
takes place in the micropore structure of coal (Yalcin and Durucan, 1991), the increase in microporosity 
with increasing rank is also considered to cause an increase in sorption capacity from medium volatile 
bituminous coal to anthracite. In the present study no correlation was found between methane or carbon 
dioxide sorption and maturity (Figure 5-16).  
 
Figure 5-16. Maximum excess sorption of capacity of methane and carbon dioxide vs. vitrinite reflectance 
for coals from well CBM-001-ST-RS. 
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5.5.10 Evaluation of potential for carbon dioxide sequestration and enhanced coalbed methane 
(CO2-ECBM) and shale gas recovery (CO2-ESG). 
Sorption capacities for CO2 on coals and shales are generally higher than for CH4. Sorption capacities of 
samples from the CBM-001-ST-RS well (3nL) for an average reservoir pressure of 6.25 MPa, range between 
0.29 and 0.73 mmol/g (6.66 – 16.63 m³/t) for carbon dioxide and between 0.04 and 0.34 mmol/g (0.95 – 
7.72 m³/t) for methane. The sorption capacity ratios (VLCO2/VLCH4 at 6.25 MPa) range between 2.0 and 7.0 
(average 3.6). Ratios of maximum excess sorption amounts (nmaxCO2/nmaxCH4) range between 1.4 and 4.6 
for the coal and carbonaceous shale samples from the CBM well. For the Permian (Irati) and Devonian 
(Ponta Grossa) shales these ratios range between 2.1 and 10.  
Results from the present study suggest that coal seams in the Santa Terezinha coalfield are generally under-
saturated in methane, which means that the current gas content is lower than the measured sorption 
capacity. The free sorption capacity could possibly be used for storage of carbon dioxide. Depending on the 
economical and market situation the methane present in the coals could be produced prior to CO2 
injection. Simultaneous injection of CO2 for ECBM is considered less reasonable because the produced gas 
would have a low calorific value due to co-production of injected CO2 (cf. van Bergen et al., 2009a). In a first 
approach to estimate the effective CO2 storage capacity of a CBM reservoir, a calculation similar to the 
reduction of initial gas in place (IGIP) to producible gas in place (PGIP) (eq. 3) can be applied (van Bergen et 
al., 2001). 
PGIP = RF · C · IGIP          (5-1) 
Here the producible part of the gas in place is estimated using a recovery factor (RF) and estimating a 
completion factor (C). The recovery factor represents the amount of gas that can technically be produced 
by reducing the reservoir pressure through water production. The completion factor (C) represents an 
estimation of the part of coal seams that can be accessed through drilling operations.  
Hendriks et al., 2004 estimated the global carbon dioxide storage potential in various underground 
reservoirs. For the CO2 storage capacity (SCO2) in coal basins during ECBM operations they used the 
following equation: 
SCO2 = PGIP · ER · ρCO2          (5-2) 
 PGIP = producible gas in place (standard conditions) [m³] 
 ER = exchange ratio [-] 
 ρCO2 = CO2 density at standard conditions [1.977 kg/m³]. 
                                                            
 
3
 In mmol/g rock; not daf-normalized 
5. High-pressure methane and carbon dioxide sorption on coal and shale samples from the Paraná Basin... 
131 | P a g e  
The amount of producible gas in place (PGIP) is estimated according to: 
PGIP = · A · TH · ρcoal · GC · RF · CF         (5-3) 
A = area of the coal basin [m²] 
TH = cumulative thickness of coal seams [m] 
ρcoal = coal density [t/m³] 
GC = gas content [m³/t] 
RF = recovery factor [-] 
CF = completion factor [-] 
In equation (5) the initial gas in palace is calculated by multiplying the total mass of coal (A · TH · ρcoal) with 
the average gas content (GC).  
Hendricks et al. (2004) conservatively assumed that only 10% of the total area of a coal basin can be used 
for CO2 storage and thus they used a completion factor of 0.1. The recovery factor usually ranges between 
20% and 60% (van Bergen et al., 2001). For the case of CO2 sequestration, the recovery factor represents 
the storage efficiency. It was conservatively assumed to be 40% by Hendricks et al., (2004).  
To estimate the CO2 storage capacity of the study area in the Santa Terezinha Coalfield, we used equation 
(5), assuming the same recovery factor and completion factor Hendricks et al. (2004) used. Based upon 3D 
geological modelling for a study area of approx. 20x40 km in the Santa Terezinha Coalfield, Kalkreuth et al. 
(2008b) calculated the total mass of coal in the coal-bearing sequence to be in the order of 5.46·109 t. The 
aaverage gas content of this area is 1 m³/t (Kalkreuth et al., 2008b). From sorption isotherm measurements 
for CO2 and CH4, an average exchange ratio of 3.6 was calculated. 
The CO2 storage capacity for a 20x40 km area in the Santa Terezinha coalfield has been estimated using 
Equation (5) (Table 5-4). For the case of replacing sorbed methane by CO2 injection, the storage potential of 
the study area would then amount to 1.55 Gt.  
For a mean reservoir pressure of 6.25 MPa, the average sorptive storage capacity for CO2 is 0.43 mmol/g 
(9.86 m³/t). Considering carbon dioxide sequestration only, e.g. keeping the gas currently stored in the coal 
(1 m³/t) in place, the remaining “free” CO2 sorption capacity of 8.86 m³/t could be used for CO2 storage. 
Assuming a recovery factor of 40%, the above calculation then yields a total CO2 storage capacity of 13.8 Gt 
in the coals of the study area. In a combined ECBM production and CO2 storage operation, a mass of 15.4 
Gt CO2 could theoretical be stored in the study area of the Santa Terezinha coalfield as defined by Kalkreuth 
et al. (2008b). 
To refine this very simplistic calculation of the CO2 storage potential of the Santa Terezinha coalfield, 
additional factors affecting CBM production (e.g. water saturation), injection (e.g. permeability) and 
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storage (presence and integrity of sealing formations) as well as potential environmental safety and health 
problems associated with CO2-ECBM need to be considered (Bachu, 2007; White et al., 2005).  
Table 5-4. Estimation of the CO2 storage capacity in a 20x40 km area of the Santa Terezinha coalfield 
Sequestration scenario 
1 
CH4 in reservoir replaced by 
CO2 
2 
Free CO2 sorption capacity 
filled with CO2 
3 
CH4 repalced by CO2 + CO2 
sorption capacity filled with 
CO2 
CO2 storage capacity 1.55 Gt 13.8 Gt 15.4 Gt 
5.6 Conclusions 
To evaluate the sorptive storage capacity of the Paraná Basin in Brazil, methane and carbon dioxide 
sorption experiments were performed on coal and carbonaceous shale samples from a CBM test well, 
drilled in 2007 in the Santa Terezinha coalfield. Additionally, storage capacities were determined on 
samples of the two major petroleum source rocks of the basin: the Devonian Ponta Grossa Formation and 
the Permian Irati Formation. Experiments were performed on powdered samples at pressures up to 25 MPa 
and temperatures of 35°C and 45°C.  
The present study reports the first comprehensive set of high pressure sorption data for methane and 
carbon dioxide for coals, carbonaceous shales and petroleum source rocks of the Paraná Basin, Brazil. 
On a raw mass basis (not dry, ash-free normalized), the Langmuir sorption capacities of methane on coal 
and carbonaceous shale from the CBM well ranged between 0.05 and 0.47 mmol/g. For the shale source 
rocks they were lower, ranging between 0.04 and 0.37 mmol/g. For carbon dioxide the maximum excess 
sorption, reached in the 8-12 MPa interval, ranged between 0.25 and 0.81 mmol/g for coal and 
carbonaceous shale samples, and between 0.14 and 0.54 mmol/g for shale source rocks. Normalized to dry, 
ash-free mass, methane sorption capacities of shales exceeded those of coal and carbonaceous shale. 
Methane and carbon dioxide sorption capacities of coal and shales correlated with the organic carbon 
content (TOC). For carbon dioxide the linear regression showed a non-zero intercept, indicating a significant 
sorption capacity of the mineral matter. This was not the case for methane.  
The present-day gas content of coals analysed from the first CBM well in the Santa Terezinha coalfield, as 
determined from canister desorption, amounts to 13 – 38% of the methane sorption capacity measured on 
as-received samples. 
Moisture-equilibration of one coal sample from seam D (collected from a depth of 620.8 m), followed by 
sorption experiments, showed that its sorption capacity was reduced by 46% for methane and by 56% for 
CO2, compared to the as-received state. 
No correlation between sorption capacity and coal composition or thermal maturity was observed. 
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Carbon dioxide sorption capacity was higher than methane sorption for all samples. The CO2/CH4
 sorption 
capacity ratio was larger for coal and carbonaceous shales (1.9 - 6.9) than for source rock shale samples (1.4 
– 4.5). 
Sorption capacities calculated for reservoir conditions indicated that theoretically an amount of 15.3 Gt 
carbon dioxide can be stored in coal seams of the study area. This amount would increase, if all methane 
were produced from coal seams prior to carbon dioxide injection.  
In a further step, geological factors such as permeability, presence and integrity of sealing formations and 
economic factors such as depth and number of wells, costs for transport and injection of CO2, that influence 
carbon dioxide storage, need to be evaluated to provide a more realistic view on the feasibility of carbon 
dioxide storage in the Santa Terezinha Coalfield. 
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6 Laboratory Experiments on Environmental Friendly Means to Improve 
Coalbed Methane Production by Carbon Dioxide/Flue Gas Injection  
6.1 Introduction  
The injection of carbon dioxide (CO2), in coalbeds is one of the more attractive options of all underground 
CO2 storage possibilities: the CO2 is stored combined with simultaneous recovery of coalbed methane 
(CBM). Among all the fossil fuels, when combusted, methane emits the least amount of CO2 per unit of 
energy released. Therefore, the zero option of CO2 sequestration and production of methane lead to 
greater utilization of coalbed resources for both their sequestration ability and energy content. The 
revenue of methane (CH4) production can offset the expenditures of the storage operations (Wolf et al., 
1999; Wolf et al., 2000).  
In the context of the geological storage of CO2 a few projects consider the direct injection of ﬂue gases from 
power plants or other ﬂue gas emitting industries. Part of this research is also to investigate how to use 
industrial ﬂue gas as an alternative to pure CO2 as an injectant and how it inﬂuences the sequestrable 
amount of CO2 in dry and water saturated coal. The use of ﬂue gas instead of CO2 in the ECBM projects may 
improve the cost-effectiveness of the ECBM projects considerably due to the elimination of the separation 
process. Flue gas being primarily N2, the effect of pure N2 as an injectant is also to be investigated. N2 is 
known to act as a stripper. It is interesting to note that on a ﬁeld scale, post production CH4/N2 separation 
is more expensive than CO2/CH4 separation.  
Coal is characterized by its dual porosity: it contains both primary (micro pores and meso pores) and 
secondary (macro pores and natural fractures) porosity systems. The primary porosity system contains the 
vast majority of the gas-in-place, while the secondary porosity system provides the conduit for mass 
transfer to the wellbore. Primary porosity gas storage is dominated by adsorption. Primary porosity is 
relatively impermeable due to its small pore size. Mass transfer for each gas molecular species is 
dominated by diffusion that is driven by the concentration gradient. Flow through the secondary porosity 
system is dominated by Darcy ﬂow that relates ﬂow rate to permeability and pressure gradient.  
The conventional primary CBM recovery process begins with a production well that is often stimulated by 
hydraulic fracturing to connect the well bore to the coal natural fracture system via an induced fracture 
(Mazumder et al., 2003). When the pressure in the well is reduced by pumping water by using artiﬁcial lift, 
the pressure in the induced fracture is reduced. This in turn, reduces the pressure in the natural coal 
fracture system. Initially, when the operation is started, water begins to move in the direction of the 
pressure gradient. When the pressure of natural fracture system drops below the critical desorption 
pressure, methane starts to desorb from the primary porosity and is released into the secondary porosity 
system. As a result, the adsorbed gas concentration in the primary porosity system near the natural 
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fractures is reduced. This reduction creates a concentration gradient that results in mass transfer by 
diffusion through the micro and meso porosity. Adsorbed gas continues to be released as the pressure is 
reduced (Reznik et al., 1984).  
Enhanced recovery of coalbed methane (ECBM) by injecting a second gas maintains overall reservoir 
pressure, while lowering the partial pressure of the CBM in the free gas. CO2 which is more strongly 
adsorbable than methane is injected into the coal natural fracture system during the ECBM recovery 
process; it is preferentially adsorbed into the primary porosity system (Busch et al., 2004a). Upon 
adsorption the CO2 drives the CH4 from the primary porosity into the secondary porosity system. The 
secondary porosity pressure is increased due to CO2 injection and the CH4 ﬂows to the injection wells (Shi 
and Durucan, 2003b).  
The objectives to do the core ﬂood experiments using varied injectants from pure CO2 and N2 to multi-
component ﬂue gas are as follows: experiments were conducted to analyze the inﬂuence of injection 
pressure and injection rate on the methane recovery, evaluate the inﬂuence of water on the CH4–CO2 
exchange process in coal by conducting experiments under relatively dry and wet conditions, to 
differentiate the effects of an alternate injection of a strong (CO2) and weak (N2) adsorbing gas, to compare 
the breakthrough time of CO2 from different CO2 core ﬂood experiments and to compare the results of 
pure CO2 against ﬂue gas ﬂooding experiments. 
6.2 Equipment Design  
The uniqueness of these experiments, using large cores (800–1,000 cc), makes the design of the setup 
complex. The reasons to use large core samples are: (i) heterogeneity of the coal matrix is sufﬁciently 
guaranteed and (ii) the dual porosity nature of coal is retained. Taking this into consideration a high 
pressure core ﬂooding setup was constructed. The schematic of the setup is shown in Figure 6-1. The 
pressure cell of 1 m in length has a maximum conﬁning pressure of 20 MPa and a maximum temperature of 
150◦C. The conﬁning pressure was applied on the coal core, inside a rubber sleeve. In order to prevent the 
gas from diffusing through the rubber sleeve, 0.2 mm lead foil was wrapped around the coal core. The 
rubber sleeve is able to transfer the annular pressure onto the sample. In order to simulate down hole 
conditions the temperature in the pressure cell was maintained at around 45◦C. The pressure cell can 
handle samples up to a diameter of 120 mm and a core length of 500 mm. The length of the core varied 
from sample to sample. In order to avoid mechanical end effects on the core permeability, two sieperm 
plates are ﬁxed at both ends of the core. These sieperm plates have a porosity of 33% and a permeability of 
10−13 m2. The injection and production tubings are attached to the end plates. The end plates also serve for 
maximal distribution of gas at the injection side.  
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Figure 6-1. Schematic of the high pressure ﬂow cell. The volume of the ISCO pump, including the tubing to 
valve 1 is 283.02ml, of which 266.50ml can be displaced. The tubing volume between valve 1 and 2 is 
44.04ml. The tubing volume between valve 2 and 3 is 74.62 ml (excluding coal volume). The volume of the 
tubing between valve 3 and the back pressure valve is 46.725 ml. All volumes reported are at STP. 
 
Figure 6-2. Measured system pressure during Experiment I (Beringen 770, dry, CO2 injection at 6 ml/h). The 
average effective stress applied was 40 bars. 
Following the direction of ﬂow, the high pressure cell consists of the following peripheral devices:  
• An ISCO TM plunger pump connected to a bottle of the required gas to be injected. The ISCO 
plunger pump injects CO2, CH4, N2 and ﬂue gas into the coal core at a constant injection rate. The 
average of the injection and production pressure was taken as the pressure over the core and used 
for the calculation of the Darcy permeability. At the production end, a back pressure valve 
controlled the ﬂow out. A constant effective stress was maintained during the experiment.  
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• A linear variable displacement transformer (LVDT) measured the axial displacement of 
thecoredimension (µ-strains), throughout the experiment. The cores were drilled parallel to the 
bedding plane, thus ensuring that the axial strain measured was parallel to bedding.  
• Gas analyzer. The gas chromatograph (GC) used for analyzing the product gas was an AgilentTM 
3000 micro GC with a Thermal Conductivity Detector (TCD).  
• Flow analyzer. At the end of the line an analog ﬂow analyzer, i.e. an AcatarisTM water clock 
measured the remaining gases leaving the system. This type of analog ﬂow analyzers runs at an 
accuracy of 0.1 ml/h. The ﬂow rate was camera recorded and afterward used for mass balance 
calculations and permeability measurements.  
• Operational panel, safety device and data acquisition system. The operation panel, the data-
acquisition system and safety devices were installed in the control room. During the test, two 
thermocouples were used to measure temperatures above and below the core inside the pressure 
cell. In addition, the (differential) pressure, tube/sample expansion and ﬂows were registered every 
30 s.  
6.3 Sample Description  
The unique properties of coal put constraints on preparation and preservation of coal samples. When 
exposed to air, the effect of drying and weathering results in the alteration of the coal structure and 
develops new fractures. The permeability and porosity values of such samples may be signiﬁcantly different 
from the samples that are well preserved. The cores were drilled from big blocks of coal (>0.25 m3). Coal 
samples used for these experiments were kept in water to avoid contact with air and drying. Once drilled 
the cores were put in sealed polyethylene bags and cooled to prevent oxidation or loss of moisture. All the 
coal cores were drilled parallel to the bedding plane except for Experiment VII, where a vertical drill core 
was used. The samples used for these experiments were from the Beringen coal mines (Beringen 770) in 
Belgium, the Silesia and the Brzeszcze coal mine in Poland and a vertical drill core from the CO2 injection 
well (seam 401; Well MS3) in Poland. The details of the samples are shown in Table 6-1. Nine different 
ﬂooding experiments were conducted on coal cores drilled from the samples mentioned above. The details 
of the coal cores and their experimental conditions are in Table 6-2. The Silesia and the Brzeszcze samples 
were in terms of their maceral composition similar in rank. The Silesia coal was vitrinite rich and the 
Brzeszcze coal was inertinite rich. The micro-pore volume and speciﬁc surface are listed in Table 6-1.  
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Table 6-1. Sample properties. 
 
6.4 Preferential Sorption Behaviour  
Volumetric sorption experiments for pure CH4 and CO2 were conducted for all the samples used for the 
ﬂooding experiments. This data is reported in Appendix D. Only few measurements have been reported for 
mixtures of two or more gas components under the conditions of competitive sorption. Very few data 
showed preferential adsorption of CO2 and preferential desorption of CH4, as commonly expected. Busch et 
al., 2006 reported distinct variations in the competitive adsorption and desorption behaviour of the 
different dry and moist samples, ranging from preferential adsorption of CH4 in the low pressure range to 
preferential desorption of CO2 over the entire pressure range. The preferential sorption behaviour of the 
Silesia and Brzeszcze samples has been reported by Busch et al., 2006. 
Table 6-2. Coal core details and experimental conditions (all core samples were 69.50mm in diameter). 
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Differences in the sorption behaviour were observed between the coals as well as between measurements 
performed on dry and moist samples. The most conspicuous difference in the preferential adsorption with 
respect to moisture content was found for the coal sample from the Silesia mine: the moist Silesia 315 
sample exhibits signiﬁcant preferential adsorption of CH4 up to about 6 MPa and then switches to 
preferential CO2 adsorption (Busch et al., 2006). In contrast, the dry sample shows no fractionation for the 
ﬁrst measured data point at about 1 MPa, followed by preferential adsorption of CO2 with increasing 
pressure (Busch et al., 2006). This observation could be due to competition of water and CO2 for speciﬁc 
sorption sites in the moist sample or due wettability reversal (water wet to CO2 wet). The desorption trends 
of both experiments are similar and indicate only slight tendency for preferential desorption of CO2 in the 
low-pressure range. For the Brzeszcze coal sample, preferential desorption of CO2 is evident over the 
complete pressure range for the dry, and even more clearly so for the moist sample. For the adsorption 
trend there is a clear preferential adsorption of CO2 over the entire pressure range for the dry sample. The 
moist Brzeszcze adsorbs CH4 preferentially up to about 5.5 MPa with an opposite trend for the high 
pressure range (Busch et al., 2006), the dry sample shows preferential adsorption of CO2 over the entire 
pressure range. When comparing the results for the samples it is difﬁcult to detect any distinct relationship 
between the preferential sorption behaviour and maceral composition or rank. Although all the samples 
are high volatile bituminous coals, they show distinct differences in their sorption behaviour, which, 
therefore, cannot be attributed to rank. However, there appears to be regularity in the selective sorption 
behaviour with respect to moisture content. Although the preferential adsorption trend is not uniform 
throughout the sample set, moist coals exhibit a reduced tendency towards preferential CO2 adsorption as 
compared to dry coals (Busch et al., 2006). The maceral composition might be an inﬂuencing factor, 
because the sample with the highest inertinite content (Brzeszcze) shows the highest degree of preferential 
CO2 desorption within the sample set.  
6.5 Experimental Procedure and Data Interpretation  
The experiments start with a complex procedure of mounting the lead foil wrapped coal core in a rubber 
sleeve and building it leak free in the high-pressure cell. A detailed procedure for volume measurement was 
then followed. The volume measurements were conducted with and without the sample built in the 
pressure cell. The details of the void volume measurements are discussed in Appendix A. The tubing 
volume in the whole setup is quite considerable. The effect of this dead volume is seen in the results and 
has been discussed later in this section. All mass balance calculations for CH4 and CO2 do take care of the 
free and the adsorbed volumes separately. At the end of the volume measurement the sample cell was, for 
at least a week connected to a vacuum pump, to eliminate any form of residual gas or free moisture. During 
this process temperature was kept constant. Experiment IV (Silesia 315 II; Dry; CO2) is used as an example 
to describe the test procedure. The ﬂooding test, which lasted a total of 45 days, consisted of three 
consecutive stages (Figure 6-14): (i) CH4 loading, (ii) CO2 loading, and (iii) continued CO2 injection with 
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production under a constant pressure. In a typical wet experiment, the CO2 loading stage is replaced by a 
water loading phase (Figure 6-34). In the ﬁrst stage (7 days), 20.76 l of CH4 was injected into the system in 
increasing pressure cycles, till the required saturation was reached. The system pore pressure rose to 6 
MPa during two days of injection. After each injection cycle the methane was allowed to sorb onto the coal 
matrix until equilibrium was reached. In order to meet sub-surface conditions, the difference between the 
annular pressure and the pore pressure was usually kept at ratios of 2:1 to 5:3. The volume of injected 
methane was measured with a mass ﬂow meter. The free methane is the product of the total gas volume 
(i.e. coal porosity plus dead volume) multiplied by the methane density at a particular P,T condition. The 
sorbed methane is the difference between the total amounts of methane injected in the system minus the 
free methane. The typical pressure proﬁle during methane loading is shown in Figure 6-14 and Figure 6-34. 
During the second stage (21 days), the system was further pressurized to 9.0 MPa, with the injection of 
32.2 l of CO2  
 
Figure 6-3. Sweep efﬁciency (s) and molar concentrations of the produced gas against displaced moles from 
Experiment I (Beringen 770, dry, CO2 injection at 6 ml/h). The migration data have been plotted against 
displaced volume to make time dimensionless. 
The gas analyzer determined the relative amount of CH4, CO2 and N2 alongside other gases in the product 
(Figure 6-3). The GC measurements were assumed to be representative of the change in molar 
concentrations of each component in the free phase. For the CO2 ﬂooding experiments, the experiment 
was stopped when the relative amount of carbon dioxide in the product gas reached 98%. The moisture, if 
present was separated using a silica gel bottle connected to a balance. Hence, for wet experiments the 
amount of water ﬂowing out was measured. During the tests the recorded data serve as an iterative 
feedback to control injection volumes for mass balance calculations afterwards.  
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6.6 Results and Discussions 
6.6.1 CO2 Core Flood Experiments 
The seven different CO2 core flood experiments (Table 6-2) range from sub-critical to supercritical CO2 
conditions. In order to compare the effect of varying injection rate and injection pressure on the methane 
recovery, the results of Experiments I and II have been listed in Table 3. The experimental conditions prior 
to the start of CO2 injection are in Table 6-2. Figure 6-3 and Figure 6-7 show migration history of CH4 and 
CO2 Both the experiments were conducted at a temperature of 45
◦C. While the injection rate for 
Experiment I was 6 ml/h, that of Experiment II was set as low as 0.7 ml/h. Pressure and temperature 
conditions were sub-critical for Experiment I, but were super-critical for Experiment II. As can be seen from 
the migration data (Figure 6-3 and Figure 6-7) the injection pressure does not have a big inﬂuence on the 
methane recovery. Diffusion is much faster under sub-critical conditions as compared to super-critical 
conditions. CO2 is ﬁve times more dense than CH4 under super-critical conditions.  
 
Table 6-3. Sweep efficiency, displaced moles and time of Experiments I and II.  
 
Figure 6-4. Cumulative production of all gases, and injection of CO2 from Experiment I (Beringen 770, dry, 
CO2 injection at 6.0ml/h). 
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Figure 6-5. Injection and production flow rate of gases for Experiment I at STP. The breakthrough of CO2 
took place 4 days after the initiation of simultaneous injection and production. 
 
Figure 6-6. Measured system pressure during Experiment II (Beringen 770, dry, CO2 injection at 0.7 ml/h). 
The average effective stress applied was 20 bar. The initial phase of CH4 loading is followed by the stable 
injection pressures during which simultaneous injection and production was carried out. 
 
Figure 6-7. Sweep efficiency (s) and molar concentrations of the produced gas against displaced moles from 
Experiment II (Beringen 770, dry, CO2 injection at 0.7 ml/h). The GC response is dependent on the opening 
and the closure of the back pressure valve. This brings about fluctuations on the migration data. Some of 
the sharp events on the plot shown above are due to events like pump filling, heating failure, pressure 
fluctuations etc. 
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Sweep efficiency and displaced moles are defined as follows (Bertheux, 2000): 
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6.6.1.1 Binary Displacement for Beringen Coal  
Figure 6-2 to Figure 6-9 shows the pressure history, molar concentration change, cumulative production 
and injection of all gases and the injection/production ﬂow rate at STP for the two experiments conducted 
on the Beringen coal. As can be seen from Figure 6-2 and Figure 6-6, Experiment I was conducted at almost 
half the injection pressure as compared to Experiment II. On the other hand, the effective stress for 
Experiment I was almost twice as high as that of Experiment II. The molar rate of injection for Experiment I 
is almost four times higher than that of Experiment II (Table 6-2). The coal core used in Experiment I is 
twice as long as that of Experiment II (Table 6-2). As can be seen from Table 6-3, the breakthrough time for 
Experiment I is almost two times faster than Experiment II. Also at breakthrough (1% CO2), almost all the 
free methane in the system has been produced, whereas only half the free volume of methane was 
produced for the second case. From the displaced moles data, it is evident that in terms of simple methane 
recovery, at 90% of product CO2 concentration, Experiment I might look more efﬁcient as it takes almost 
ﬁve times less time to remove almost equal concentration of CH4 from the system. It can be seen that for 
better exchange and storage of CO2, the residence time for CO2 in the coal has to be longer. Diffusion is 
more pronounced in Experiment II than in Experiment I where the injected CO2 moves fast through the 
core.  
 
Figure 6-8. Cumulative production of all gases, and injection of CO2 from Experiment II (Beringen 770, dry, 
CO2 injection at 0.7 ml/h). Considerable difference between the injected and produced volumes of CO2 can 
be observed. 
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Figure 6-9. Injection and production flow rate of gases for Experiment II at STP. 
 
Figure 6-10. Measured system pressure during Experiment III (Silesia 315 II, wet, CO2 injection at1.0 ml/h). 
The average effective stress applied was 20 bars. Only the pressure history during the production phase is 
shown here. 
6.6.1.2 Binary Displacement for Silesia Coal  
Figure 6-10 to Figure 6-17 shows the pressure history, molar concentration change, cumulative production 
and injection of all gases and the injection/production ﬂow rate at STP for the two experiments conducted 
on the Silesia coal. The coal sample of Experiment III and IV have a higher vitrinite content (71.6%) than the 
inertinite content (15%). Experiments III and IV were conducted to compare the inﬂuence of water on the 
CO2–CH4 exchange process in the coal. Considerable inﬂuence of water in methane recovery have been 
predicted by Mazumder et al. (2003)by means of numerical simulation. The experimental conditions for 
these experiments have been shown in Table 6-2. Both the experiments were conducted on the same coal 
sample. Experiment II was conducted on a wet coal core with excess water in the fracture system of the 
coal. No free water was present in the relatively dry Experiment IV. The comparative results of the 
experiments have been summarized in Table 6-4 and Table 6-5. The duration of the wet experiment was 
much longer than the dry one. As can be seen from Table 6-2, only 34% of the CH4 in place was produced at 
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the end of the wet experiment, whereas almost 79% of the CH4 in place was produced from the dry 
experiment. An estimate from the above ﬁgures show that, apart from the free methane that was 
produced, only 3% of the adsorbed methane was produced from the wet experiment as compared to 50% 
from the dry experiment. Table 6-5 shows that there is no considerable difference in the breakthrough time 
for both experiments. For the wet experiment the slightly faster breakthrough is due to the solution of CO2 
in the produced water from the fracture spacings. The wet displacement experiment was conducted for a 
period of 57 days compared to the dry displacement experiment, which was conducted for 38 days. There 
is no possible explanation for the excess CO2 being sorbed in the wet experiment. Solution effect of CO2 in 
water might be a possible effect. Repeat experiments needs to be conducted to understand the effect. 
From the sweep efﬁciencies at different times from Table 6-5, the methane recovery for the relatively dry 
experiments are much higher as compared to the wet experiment. The CO2 storage capacity remains 
constant. This also indicate that CO2 occupies different sorption sites than CH4 (Clarkson and Bustin, 
1999b). The presence of CO2 does not affect the sorption capacity of CH4.The CO2 and CH4 migration data 
for both the experiments are presented in Figure 6-11 and Figure 6-15. Figure 6-12 is a plot of the injection 
and the production details of Experiment III, which shows two distinct phases of the water production. One, 
with most of the free water in the fractures, produced in a short span of time, and second from the macro 
pores, produced much slower.  
 
Figure 6-11. Sweep efﬁciency and molar concentration of the produced gas against displaced moles from 
Experiment III (Silesia 315 II, wet, CO2 injection at1.0 ml/h) of all gases, water and injection of CO2 from 
Experiment III (Silesia 315 II, wet, CO2 injection at 1.0 ml/h). 
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Figure 6-12. Cumulative production of all gases, water and injection of CO2 from Experiment III (Silesia 315 
II, wet, CO2 injection at 1.0 ml/h). 
 
Figure 6-13. Injection and production flow rate of gases for Experiment III at STP. 
 
Figure 6-14. Measured system pressure and cumulative CO2 injection during the test. The purpose of the CO2 
loading phase was to bring up the injection pressure to super-critical conditions and to provide more 
residence time for CO2 in the pressure cell. 
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Figure 6-15. Sweep efficiency and molar concentrations of the produced gas against displaced moles from 
Experiment IV (Silesia 315 II, dry, CO2 injection at 1.0ml/h). 
6.6.1.3 Binary Displacement for Brzeszcze Coal  
Figure 6-18 to Figure 6-25 shows the pressure history, molar concentration change, cumulative production 
and injection of all gases and the injection/production ﬂow rate at STP for the two experiments conducted 
on the Brzeszcze coal. Experiments V and VI were conducted on a coal sample which had a higher inertinite 
content (52.8%) than vitrinite content (38.8%). These experiments were conducted to see the effect of 
water on methane recovery. The results of experiments V and VI are listed in Table 6-6 and Table 6-7. The 
migration history of these experiments are in Figure 6-19 and Figure 6-23. The injection and production 
data for Experiment V are listed in Figure 6-20. These two experiments showed different results as 
compared to Experiments III and IV. Signiﬁcant differences in the methane recovery was noted between 
the wet (Experiment V) and dry (Experiment VI) experiments. It could not be explained if the early 
breakthrough was caused by inherent characteristic for an inertinite rich coal or due to an easy pathway 
through which the CO2 moved directly to the production side (preferential ﬂow). Field experiments in 
Poland also suggest very early breakthrough of CO2 from these coals in the production well. Note that the 
injection rate for Experiment V and VI is half of that for Experiments III and IV. It is also true that the 
maceral composition of these coals, have big inﬂuence in the CO2–CH4 exchange process.  
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Figure 6-16. Cumulative production of all gases, and injection of CO2 from Experiment IV (Silesia 315 II, dry, 
CO2 injection at 1.0 ml/h). 
 
Figure 6-17. Injection and production flow rate of gases for Experiment IV at STP. 
 
Figure 6-18. Measured system pressure during Experiment V (Brzeszcze, wet, CO2 injection at 0.5ml/h). The 
average effective stress applied was 20 bars. 
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Figure 6-19. Sweep efficiency and molar concentrations of the produced gas against displaced moles from 
Experiment V (Brzeszcze, wet, CO2 injection at 0.5 ml/h). 
 
Figure 6-20. Cumulative production of all gases, water and injection of CO2 from Experiment V (Brzeszcze, 
wet, CO2 injection at 0.5ml/h.) 
 
Figure 6-21. Injection and production flow rate of gases for Experiment V at STP. 
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Figure 6-22. Measured system pressure during Experiment VI (Brzeszcze, dry, CO2 injection at 0.5ml/h). The 
average effective stress applied was 20 bars. 
 
Table 6-4. The total, free, adsorbed and produced amount of carbon dioxide in the dry and wet Silesia 315 II 
ﬂooding experiment.  
 
Table 6-5. Sweep efficiency, displaced moles and time of Experiment III and IV.  
6.6.1.4 Ternary Displacement for Coal Seam 401  
Figure 6-26 to Figure 6-29 show the pressure history, molar concentration change, cumulative production 
and injection of all gases and the injection/production ﬂow rate at STP for Experiment VII conducted on the 
coal seam 401 Experiment VII was conducted on a vertical drill core from Poland and was intended to 
compare the effects of an alternate injection of a strong (CO2) and weak (N2) adsorbing gas. N2 has stripping 
6. Laboratory Experiments on Environmental Friendly Means to Improve Coalbed Methane Production... 
151 | P a g e  
properties when injected in coal seams. In order to avoid this effect the experiment was so planned that 
the N2 injection was done after one pump volume of CO2 injection. This was also meant to remove all the 
free methane from the system before nitrogen injection was initiated. The results of this experiment are 
summarized in Table 6-8 and Table 6-9. Figure 6-27 shows the migration of CH4, CO2 and N2 through the 
core. As seen from other wet experiments the methane recovery of this experiment too is quite low (38%) 
and the breakthrough is early too. The experiment started with the injection of one pump volume of CO2 
(Figure 6-27). At a displaced mole of 2.23, N2 injection started and after one pump volume, the CO2 
injection was resumed at the corresponding displaced mole of 3.14. A sharp increase in CH4 production was 
observed alongside N2 breakthrough. This incremental CH4 production was quite consistent throughout the 
N2 production. With the injection of CO2 in a CH4 saturated coal, the partial pressures of CH4 in the free 
phase is reduced. This initiates the CH4 to sorb out of the coal and go into the free phase. Also at near 
critical conditions of CO2, the pressure, temperature and density behaviour, is very difficult. The possible 
cause of this effect is still unknown.  
 
Figure 6-23. Sweep efficiency (s) and molar concentrations of the produced gas against displaced moles 
from Experiment VI (Brzeszcze, dry, CO2 injection at 0.5 ml/h). The fluctuations on the migration data are 
because of the fact that the GC columns were not clean. 
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Figure 6-24. Cumulative production of all gases, and injection of CO2 from Experiment VI (Brzeszcze, dry, CO2 
injection at 0.5 ml/h). 
 
Figure 6-25. Injection and production flow rate of gases for Experiment VI at STP. 
Table 6-6. The total, free, adsorbed and produced amount of carbon dioxide in the dry and wet Brzeszcze 
501 ﬂooding experiment. 
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Table 6-7. Sweep efficiency, displaced moles and time of Experiment V and VI. 
 
6.6.2 Flue Gas Core Flood Experiments  
Figure 6-30 to Figure 6-37 shows the pressure history, molar concentration change, cumulative production 
and injection of all gases and the injection/production ﬂow rate at STP for the two experiments conducted 
on the Silesia coal with ﬂue gas as the injectant. .An alternate injectant to enhance the production of 
methane is needed because of the higher separation costs of liquid CO2. Therefore, ﬂooding experiments 
were performed with commercially available ﬂue gas. The speciﬁcations of the ﬂue gas is provided in Table 
6-10. The absence of an equation of state for the ﬂue gas makes data processing complex. Hence, an 
equation of state (EOS) for ﬂue gas have been developed. This EOS calculates densities for the injected ﬂue 
gas. The algorithm developed by National Institute of Standards and Technology (NIST) predicts the 
volumetric behaviour of a multi-component gas mixture in a single-phase region. The algorithm works in 
line with the Peng–Robinson EOS. It performs better than the Redlich–Kwong–Soave equation in all cases 
and shows greatest advantage in the prediction of liquid phase densities. 
Results from the wet and dry ﬂue gas experiments are summed in Table 6-11 to Table 6-13. The core details 
and the experimental conditions are provided in Table 6-2. Even though the pressures are same in both the 
dry and the wet experiments, the dry experiment has more amount of methane in there as compared to 
the wet. This is because of the fact, that in the wet experiment the coal core is made wet by injecting 100.1 
g of water after saturating the core with CH4.  
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Figure 6-26. Measured system pressure during Experiment VII (Seam 401, wet, CO2/N2 injection at 0.5 ml/h). 
The average effective stress applied was 20 bars. 
 
Figure 6-27. Sweep efficiency (s) and molar concentrations of the produced gas against displaced moles 
from Experiment VII (Seam 401, wet, CO2/N2 injection at 0.5ml/h). The alternate injection of a strong (CO2) 
and weak (N2) adsorbing gas result in the ﬂuctuations of the concentration data between a displaced 
volume of.2.5 and 4. 
 
Figure 6-28. Cumulative production of all gases, and injection of CO2, N2 from Experiment VII (Seam 401, 
wet, CO2/N2 injection at 0.5 ml/h). 
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Figure 6-29. Injection and production flow rate of gases for Experiment VII at STP.  
Table 6-8. The total, free, adsorbed and produced amount of carbon dioxide and nitrogen in sample Seam 
401 (Vertical drill core from well MS3). 
 
Table 6-9. Sweep efﬁciency, displaced moles and time of Experiment VII. 
 
The migration data of the dry experiment is in Figure 6-32. In the dry ﬂooding experiment the amount of 
free methane is 0.7222 mol, which is much more than the net amount of CH4 produced (0.5003 mol). In the 
dry experiment, with an injection rate of 1ml/h, hardly any adsorbed methane is produced. As compared to 
the wet experiment the dry one has more free methane. The free methane resides in the tubing system 
and the fracture porosity of the coal. The recovery factor of the dry experiment is 35.1%. This recovery 
factor shows that with ﬂue gas as an injectant, there is hardly no enhancement in recovery. The ﬂue gas 
which is primarily N2, races through the tubing system and is produced. When the thermo physical 
properties of N2 are compared with those of CO2, the CO2 has higher density and higher internal energy 
under reservoir conditions. The viscosity of CO2 and N2 does not differ much. The CO2 in the ﬂue gas does 
get adsorbed on the surface of the coal but is unable to enhance the production of methane. Thus, as 
reported (Cui et al., 2004) CO2 has separate adsorption sites beside CH4. 
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Figure 6-30. Measured system pressure during Experiment VIII (Silesia, dry, ﬂue gas injection at 1.0ml/h). 
The average effective stress applied was 20 bars. 
 
Figure 6-31. Sweep efficiency and molar concentrations of the produced gas against displaced moles from 
Experiment VIII (Silesia, dry, ﬂue gas injection at 1.0 ml/h). 
 
Figure 6-32. Cumulative production of all gases, and injection of flue gas from Experiment VIII (Silesia, dry, 
flue gas injection at 1.0 ml/h). 
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Figure 6-33. Injection and production flow rate of gases for Experiment VIII at STP. 
 
Figure 6-34. Measured system pressure during Experiment IX (Silesia, wet, flue gas injection at 1.0ml/h). The 
average effective stress applied was 20 bars. 
 
Figure 6-35 Sweep efficiency and molar concentrations of the produced gas against displaced moles from 
Experiment IX (Silesia, wet, flue gas injection at 1.0 ml/h). 
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Figure 6-36. Cumulative production of CH4, water and injection of flue gas from Experiment IX (Silesia, wet, 
flue gas injection at 1.0ml/h). 
 
Figure 6-37. Injection and production flow rate of gases for Experiment IX at STP. 
Table 6-10. Flue gas specification and used columns/carrier gas for chromatographic analysis and density 
determination. 
 
Table 6-11. The total, free, adsorbed and produced amount of ﬂue gas in sample Silesia 315 II. 
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Table 6-12. Cumulative amount of each component injected and produced during the dry and wet ﬂue 
ﬂooding experiments. 
 
Table 6-13. Sweep efﬁciency, displaced moles and time of the dry and wet ﬂue ﬂooding experiment. 
 
In the wet experiment the methane saturation is done at a lower pressure (69.8 bar) compared to a dry 
experiment (84.35 bar). After methane saturation the cell is ﬁlled up with 100.1 g of water which in turn 
brings the pressure up to 85.84 bar. Thereafter, the ﬂue gas was injected at a rate of 1ml/h. The loading 
process is shown in Figure 6-34. The migration data of the wet experiment is shown in Figure 6-35. Water 
occupied a part of the free volume in the cell which was in the dry experiment completely occupied by the 
free methane. Consequently, the free methane volume in the wet experiment (0.4095 mol) is less than the 
free methane volume in the dry experiment (0.7222 mol). Based on this volume difference we may assume 
that since most of the water through the cleat system follow Darcy ﬂow, it acts like a plug between the 
methane and carbon dioxide (Figure 6-36). There is no possible physical reasoning behind this process. 
Modeling efforts might be able to answer this.  
The discussion above implies that the experimental procedure used to inject water is not suitable. The 
injected water forms a water plug in the cleat system, instead of being uniformly distributed throughout 
the coal cleats and matrix. An example of water acting as a plug is shown in Figure 6-36. As an alternative 
the coal core can be soaked with water, shortly evacuated and then saturated with methane.  
6.7 Conclusions  
With the injection of CO2, the partial pressure of CH4 in the free phase decreased, inducing the production 
of methane. Whether or not CO2 is preferentially replacing CH4 was not  
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clear. The CO2 mass balance shows that the solubility of CO2 in coal is more pronounced than that for CH4. 
The term solubility is used, considering that coal has a highly cross linked macromolecular network. 
Moreover, the dry experiments indicate that the amount of desorbed CH4 is marginally greater than the 
desorption resulting from the reduction in partial pressures of methane. This was not observed in wet 
experiment. Consequently, under dry conditions, the incremental methane produced is likely due to the 
preferential desorption of methane in the presence of CO2. Thus moisture reduces CO2 selectivity 
drastically since it appears to block CO2 sorption sites.  
The sweep efﬁciency of the two experiments (VIII and IX) with ﬂue gas are less compared to the CO2 
ﬂooding experiments under similar conditions. There is hardly any production of adsorbed methane from 
the coal. The ﬂue gas experiments, with N2 as the main constituent can be considered as a N2 stripping 
experiment. In comparison to the six different components in ﬂue gas, CO2 was the most adsorbed species. 
Signiﬁcant reduction in the CO2 concentration was measured in the product gas. A process of CO2 ﬁltration 
seems promising. From the experiments it is clear, that on a pore scale CO2 is better adsorbed compared to 
CH4.  
Comparison of the results for the Silesian Basin coal samples shows that moisture tends to reduce the 
preferential sorption of CO2. These effects are attributed to the afﬁnity of both water and CO2 towards 
hydrophilic (e.g. hydroxylic, carbonylic, carboxylic) functional groups on the coal surface. These groups are 
more abundant in inertinite-rich coals (Brzeszcze coal) than in vitrinite-rich coals (Silesia coal) of similar 
rank. This gives rise to the assumption that inertinite and moisture content are the two controlling factors 
inﬂuencing the preferential adsorption behaviour of CO2/CH4 gas mixtures in coal of similar maturity.  
Due to the lack of exact duplicate experiments and since it is a ﬁrst hand investigation on coal 
cores/gas/liquid systems, experiments have been compared qualitatively. All these experiments should be 
used to understand processes under those speciﬁc experimental condition. The stage for comparison can 
only be set when there is ample data available by repeating these experiments, so as to get a consistency in 
the parameters reported.  
Pure component and mixed gas sorption isotherms should only be used for qualitative purposes as it is 
noted that variation in grain sizes has profound effect on the magnitude of any preferential sorption 
behaviour. The degree of preference for CO2 sorption evidently increases with increasing inertinite and ash 
content, both of which increase with decreasing grain size and vice versa.  
6.8 Appendix 
6.8.1 Appendix A—Void Volume Measurements  
For better understanding and comparison of the results, a schematic of the set-up is shown in Figure 6-1. 
The whole set-up is divided into four parts. These volumes are mostly inherent in the set-up, enclosed by 
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two valves. Volume measurements have been conducted by helium expansion. All volumes reported below 
are at standard temperature and pressure (STP).  
Starting from left to right (Figure 6-1), the ﬁrst part of the volume includes the volume of the pump plus a 
small portion of the tubing leading out of the pump to the injection side. This volume terminates at valve 1. 
Valve 1 is an air actuated valve which is opened only when the pump is injecting. The volume of this portion 
is 283.02 ml, out of which the syringe pump itself has a volume of 266.50 ml. Out of the total 283.02 ml, 
only 266.50 ml can be displaced during the course of the experiment. Thus, the volume enclosed within 
part 1 does not have any contribution towards the absolute free volume of the set-up.  
Second part is the part of the tubing enclosed between valve 1 and valve 2. This part has a volume of 44.04 
ml. This volume does contribute towards the absolute free volume of the set-up.  
The third part is the volume between valve 2 and valve 3. This comprise of the volume of the tubing in and 
out of the pressure cell, volume of the tubing leading to the pressure difference measurement over the 
core and the porous volume of the coal core itself. This part measures different volumes with different coal 
samples. For experiment I it is 137.97 ml. Out of this, the porous volume of the core is 63.35 ml. As can be 
seen from the schematic, the volume of the tubing leading to the pressure difference measurement is 
static. The tubing diameter (OD) of this part is 3.14 mm. This total tubing volume was approximately 
calculated to be 5 ml. The only way this static volume interacts with the ﬂow stream is by the process of 
diffusion. The diffusion rates being very low, this volume is neglected. Apart from the porous coal the two 
end plates attached to the core itself contribute the most towards the volume of this part. The end plates 
and the tubing volume cannot be eliminated as they are vital in the construction of the set up. Subtracting 
the porous volume of the coal (63.35 ml) from the total free volume, gives us the tubing volume (74.62 ml). 
Likewise for Experiments II and VII, the total volume for this part is 108.44 ml and 142.28 ml, respectively. 
For experiments III, IV, VIII and IX this volume is 135.48 ml and for experiments V and VI the volume is 
132.01 ml. The fourth part is the volume between valve 3 and the back pressure valve. This part has a 
volume of 46.725 ml and does contribute to the free volume of the set up.  
When the core is set on production alongside injection, the tubing volume that is on the production side 
core is set to be displaced ﬁrst by the injected ﬂuid. This volume is 84.03 ml in total. For example, when 
CO2/ﬂue gas is injected at a rate of 1ml/h and assuming that equilibrium was attained, it would take around 
3.5 days to ﬂush out 84.03 ml. Since the pressure in the cell remained constant, it is a fair assumption that 
the core produced at the same rate as that of the injection. Thus the ﬁrst 3 to 4 days of production data will 
have the information related to the void volume preceding the coal core.  
6.8.2 Appendix B—Single Component Sorption Isotherms  
In view of the core ﬂooding experiments, the CO2 and CH4 sorption isotherms on the Belgian and Polish coal 
samples used in the aforesaid study were measured. These experiments also demonstrate the inﬂuence of 
6. Laboratory Experiments on Environmental Friendly Means to Improve Coalbed Methane Production... 
162 | P a g e  
moisture on high temperature CO2 and CH4 sorption isotherms for natural coals. The three Carboniferous 
coal samples studied, originated from coal mining areas in Belgium and Poland. The sorption experiments in 
the dry and moisture equilibrated state reported here were performed on two coals (Silesia and Brzeszcze) 
from the Silesian basin, Poland. These samples were provided by the Polish Central Mining Institute, 
Katowice, in the context of the EU RECOPOL project. The Beringen coal sample was obtained from a mine in 
Belgium and only dry absolute sorption isotherms were generated for both CO2 and CH4 at 45
◦C. The 
petrographic properties of the coal samples used in this study are listed in Table 6-1.  
For the determination of CO2 and CH4 excess sorption isotherms, the same volumetric method was used as 
described by Krooss et al., 2002 . Several modiﬁcations in the experimental set-up and the procedure have 
resulted in a signiﬁcant improvement of the quality of the sorption isotherms: (i) While in the previous set-
up the reference cell (including the pressure transducer) and the measuring cell were kept in separate 
compartments at different temperatures the entire system was now placed into one thermostatic 
chamber. This modiﬁcation ensured the reduction of temperature-related effects on the measurements. (ii) 
Even minor admixtures of other gases result in signiﬁcant effects on the Equation of State of CO2. It became 
evident that small amounts of helium (He) from the preceding assessment of void volume may have 
remained in the tubing system in some instances. Therefore, speciﬁc attention was given to the thorough 
removal of helium from the system prior to each sorption experiment. (iii) The volumetric method involves 
two compression/expansion steps: (a) charging a calibrated reference volume with gas and (b) expanding 
the gas from the reference volume to the measuring cell. Both steps are associated with considerable 
temperature effects. Sufﬁcient time was always allowed for temperature/pressure equilibration, and the 
pressure equilibration carefully monitored for all the experiments.  
Excess sorption isotherms are expressed in mass (g or kg) or amount of substance (mol, mmol) sorbate per 
unit mass (g or kg) of sorbent. In the classical Langmuir approach for low-pressure sorption the volume of 
the sorbed phase is neglected. For high-pressure sorption of the volume of the adsorbed phase is not 
negligible. For a sorptive/sorbent system consisting of two ﬂuid phases (gas or super critical phase and 
sorbed phase) and a solid sorbent, the excess sorption is deﬁned as follows:  
)	  ( ∙ , * Z(  (G[ ∙ ,       (6-3) 
Here ρ denotes the density of the ﬂuid phases and Vvoid denotes the total volume occupied by the sorbed 
phase (Vsorbed) and the free gas (Vgas):  
(G  ( * (           (6-4) 
All volumes (V) and masses (m) are normalized to the mass of sorbent and the sorbent is assumed as 
volume-invariant (non-swelling). Combining yields:  
)	  (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In the aforesaid equation the excess sorbed mass (i.e. the mass accommodated in the system in excess of 
the hypothetical non-sorption case) is a function of the ratio of gas phase and sorbed phase density and of 
the mass of the sorbed phase. The density of gaseous and super critical CO2 is well known as a function of 
pressure and temperature. In this study the EOS by Span and Wagner, 1996 was used. The density of the 
sorbed phase is less well known but can be estimated with some reasonable assumptions. The density of 
liquid CO2 ranges between 1,000 and 1,150 kg/m
3. For simplicity a ﬁxed value for the sorbed phase density 
(ρsorbed) of 1.028kg/m3 was assumed.  
While Figure 6-38 shows the absolute sorption isotherms for dry Beringen 770 coal, Figure 6-39 and Figure 
6-40 show the CO2 and CH4 excess sorption isotherms measured on the dry and wet Silesia 315 and 
Brzeszcze coal samples at 45◦ C. While the absolute sorption isotherms (Figure 6-38) are presented in units 
of Scf/ton, the excess sorption isotherms (Figure 6-39 and Figure 6-40) are presented in mmol/g coal (1 Std. 
m3 CO2 (1 atm, 15
◦ C) = 42.29 mol).  
 
Figure 6-38. Comparison of 45°C CO2 and CH4 absolute sorption isotherms on dry Beringen 770 coal. 
 
Figure 6-39. Comparison of 45°C CO2 and CH4 excess sorption isotherms on wet and dry Silesia 315 coal (size 
fraction >2mm). 
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Figure 6-40. Comparison of 45C CO2 and CH4 excess sorption isotherms on wet and dry Brzeszcze coal (size 
fraction <0.2mm). The dry sorption experiment with CH4 was not conducted. 
The CO2 isotherms for the Belgian and Polish coals measured in this study, show that an optimum pressure 
exists beyond which storage becomes less effective. The repeatedly conﬁrmed shape of the CO2 excess 
sorption isotherms show a decline in excess sorption with increasing pressure. It can be shown, however, 
that this effect is related to the increase in sorbed-phase volume with pressure and is essentially controlled 
by the variation of the ratio of the density of free (super critical) and adsorbed CO2. In many instances the 
increase in sorbed phase volume cannot account completely for the observed effects so that swelling of the 
coal matrix must be considered as another contributing factor. This issue is under investigation and thus 
the data beyond the point of initiation of this effect has not been presented. Additional single component 
isotherms for the same Polish samples (dry and moist) were conducted by Siemons and Busch, 2007. 
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Gas Adsorption and Fluid Transport in 
Mudrocks 
7. Predicting capillarity of mudrocks 
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7 Predicting capillarity of mudrocks 
7.1 Introduction 
Low-permeable rocks (mudrocks, evaporites, carbonates, etc.) form part of every natural gas accumulation 
or CO2 storage scenario in the sub-surface and special attention should be paid to the characterisation of 
these rocks. Historically, knowledge and expertise on reservoir rocks was seen to be of priority for oil and 
gas exploration. Core material of reservoir rocks is regularly made available for proper petrophysical 
investigations, whereas caprock material (as less important for production) is mostly available in the form 
of cuttings only which limits potential laboratory measurements to small sample sizes. 
Regarding research of hydrocarbon entrapment over geological time scales, methane (and higher carbon 
number hydrocarbon gases) migration and dissipation is of interest, i.e. the infill of gas reservoirs but also 
hydrocarbon leakage by diffusion or capillary leakage. Several conceptual, experimental or numerical 
modelling studies created a thorough understanding of gas transport through low-permeable rocks (e.g. 
Amann-Hildenbrand et al., 2012; Berg, 1975; Schlömer and Krooss, 1997; Schowalter, 1979b). Similar 
processes apply for shale gas reservoirs where capillary pressure, diffusion coefficient, adsorption capacity, 
pore network characterisation and other parameters need to be determined for a better prediction of gas 
production. 
In carbon capture and storage (CCS) discussions, there is sometimes the general opinion that seals that 
have trapped hydrocarbons for millions of years will do the same for CO2. This neglects the differences in 
thermodynamic and geochemical behaviour (CO2/brine/rock-interactions) of CO2 compared to hydrocarbon 
gases. Various comparative studies performed during the last decade have shown that the critical capillary 
breakthrough pressure is lower for CO2 than for N2 and CH4 (e.g. Hildenbrand et al., 2004a; Li et al., 2005). 
Although mineralogical and petrophysical characterisation (e.g. porosity, permeability, rock density, 
mercury porosimetry, specific surface area) is essentially the same for research on CO2 storage, shale gas 
reservoirs or nuclear waste storage, gas permeability and wettability might be different.  
For CO2 storage, seal characterisation requires a similar research focus, however for much smaller time 
scales compared to hydrocarbon plays or radioactive waste storage facilities. Instead of considering millions 
of years the focus is on <10,000 years. Another difference between these research fields is the gas type 
itself. Carbon dioxide forms a weak acid when dissolved in brine, reacts with the reservoir and the sealing 
rocks in time scales of 100’s to 1000’s of years. It may however influence surface properties of minerals and 
this again can be considered different to hydrocarbon gases or hydrogen, which is more or less inert when 
in contact with such minerals. This results in changes in contact angles, which raises the possibility of 
different wettability states, i.e. CO2 wetting versus CO2 non-wetting. It can further be assumed that the 
wetting behaviour changes with time (or with progressive reaction of CO2 with brine and minerals). Recent 
data that support this observation (e.g. Bikkina, 2011; Chiquet et al., 2007a; Espinoza and Santamarina, 
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2010; Jung and Wan, 2012; Yang et al., 2007) and future research will have to pay more attention to this 
aspect, especially to understand wettability states of different rock types. 
This study mainly addresses published petrophysical and mineralogical parameters of low-permeable 
mudrocks. For comparison, higher permeable carbonate or sandstone sample are included. The entire 
dataset cumulates data from nuclear waste storage, hydrocarbon sealing and CO2 storage research.  
7.2 Terminology & Background 
7.2.1 Mudrocks 
In this study we use the term mudrock to represent clay and silt rich rocks, independent on their diagenetic 
or metamorphic history. According to Folk, 1980, a mudrock has 50% or more silt and/or clay content and is 
further sub-classified according to Table 7-1. 
Table 7-1. Classification of mudrocks 
Grain size of mud fraction indurated, non-fissile indurated, fissile 
>2/3 silt siltstone silt-shale 
silt≅clay mudstone mud-shale 
>2/3 clay claystone clay-shale 
7.2.2 Capillary breakthrough pressure 
7.2.2.1 In-situ measurements on core plugs 
Various terms are used in the literature relating to capillary pressures in mudrocks. In this manuscript we 
define different terms for the critical pressures on the drainage (increasing pressure difference, ∆P = pgas – 
pbrine) and on the imbibition path (decreasing ∆P). 
Let us first consider a laboratory experiment on a completely brine saturated core plug. During the 
experiment the gas pressure will first be increased, thereafter decreased again. Different processes can be 
distinguished (Figure 7-1). Overcoming the drainage pore entry pressure (Pc_entry) the non-wetting fluid 
starts to displace the wetting fluid from the pore space, reducing water saturation. Reaching the 
breakthrough pressure (Pc_brthr) or threshold pressure (Pc_threshold), viscous gas flow is detected at the outflow 
side of the rock specimen. Further gas pressure increase successively drains the system, resulting in 
increasing effective gas permeabilities until the irreducible water saturation is reached (IRWS). We have to 
note, that for the small scales considered in laboratory (mm-/cm-scale) and for very homogeneous samples 
a clear differentiation between the pore entry and breakthrough pressure may become difficult to 
impossible. Decreasing the gas pressure leads to the imbibition of water, shutting of successively more 
pores until the last interconnected pore throat is blocked and gas flow stops. The remaining pressure 
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difference is defined as the snap-off pressure (Pc_snap-off) or “choke-off” pressure (Jerauld and Salter, 1990; 
Yu and Wardlaw, 1986). Thereafter, only diffusional transport can be observed. 
 
Figure 7-1. Concept of capillary processes in mudrocks. 
The imbibition process may be described by a piston-like (connected) advance of the wetting phase and is 
therefore just the opposite of the drainage process by which the advancing (drainage) contact angle differs 
from the receding (imbibition) contact angle. Several authors (e.g. Blunt and Scher, 1995; Lenormand and 
Zarcone, 1984; Lenormand et al., 1983; Pentland, 2010) describe this process following Figure 7-2 where it 
is schematically shown how a pore may be filled when one or more of its surrounding throats are filled with 
wetting fluid. When pressure is reduced, the radius of curvature of the fluid interface increases, and the 
layer of wetting fluid occupying the pore throats will thicken This thickening continues until the wetting 
layers merge and the throat spontaneously fills with water (“snap-off”).  
7. Predicting capillarity of mudrocks 
169 | P a g e  
 
Figure 7-2. Non-wetting phase (e.g. gas) trapping (grey) by a wetting phase (e.g. brine, black) by “snap-off” 
within a porous medium (white). (a) The wetting phase is connected through wetting layers across the solid 
surface. (b) The wetting layers thicken as the capillary pressure drops during imbibition. (c) The wetting 
layers within the throat thicken until the throat spontaneously fills with the wetting phase, isolating and 
trapping the non-wetting phase in the preceding pore. Modified after Pentland, 2010. 
7.2.3 Indirect method - mercury porosimetry 
The capillary breakthrough pressure is often determined from mercury injection porosimetry experiments 
(MIP), which provides information on the mercury excess pressure required to displace air at successively 
decreasing pore throats. Using maximum injection pressures of 400 MPa, pore radii of approx. 2 nm are 
invaded (wetting angle of 140°, interfacial tension 485 mN/m). The resulting Hg-curves may be interpreted 
in different ways, yielding values for porosity, grain and matrix density, critical capillary pressure and, by 
applying empirical correlations or models, permeability.  
However, for a proper interpretation of the Hg-intrusion curve a surface roughness correction first needs to 
be made, which is often difficult and depends on personal judgements. For low permeable media often a 
“non-invasion” zone is observed after the occurrence of a “first injection phase” in the low pressure regime. 
As large pores in the µm-range are not typical for sealing rocks, this first intrusion is seen to correspond to 
the filling of sample surface irregularities and preparation artefacts (fissures). The corresponding volume 
has to be subtracted from the entire intrusion volume.  
The “second” injection phase, right after the plateau, corresponds to the pore entry pressure at which 
mercury first enters the largest pores of the porous material. Thereafter, successively more pores are filled 
with mercury until, at a critical pressure, a continuous filament of mercury extends through the sample 
(Dullien, 1992). As demonstrated by electrical resistance measurements (Katz and Thompson, 1986, 1987), 
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electrical continuity is established at the inflection point of the cumulative intrusion curve, or the pressure 
at which a maximum exists on the first derivative (pore radius distribution curve). The critical pressure 
required to form such a continuous, non-wetting phase filled pore network is somewhat lower and is 
defined as the displacement pressure, which is routinely used for the estimation of capillary sealing 
efficiency of rocks (Schowalter, 1979a). However, terminology and methods are different in literature. 
Dewhurst et al., 2002a use the term threshold pressure for the pressure at which the development of this 
continuous pore network is initiated – “the large gradient increase on the first derivative”. Others use the 
so called tangent-method, for which a tangent is fitted to the inflection point of the cumulative intrusion 
curve and extrapolated to the logarithmic pressure axis; displacement pressure (∆P, Schlömer and Krooss, 
1997).  
Often the pressure at 10% Hg-saturation is taken as valid equivalent of the displacement pressure. This is 
an average value published by Schowalter (1979a), who compared the results from several unidirectional 
nitrogen breakthrough experiments and mercury injection porosimetry measurements. For a sample set 
consisting of sandstones, chalks and silty shales critical saturations of 4.5 to 17.0% non-wetting phase were 
determined. However, this approach strongly depends on the accuracy of surface roughness correction. 
Before the capillary sealing efficiency of natural systems can be estimated, the critical entry pressure has 
to be converted from the system Hg-air to the gas-brine system following 
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with γ being the interfacial tension and θ the contact angle within the two different multi-phase fluid 
systems. 
7.2.4 Permeability 
In general, we have to distinguish between single- and multi-phase flow properties. In a single-phase flow 
system, where complete saturation is given for one fluid phase only, the term intrinsic or absolute 
permeability accounts to the conductivity characteristics of a rock specimen. Strictly, the intrinsic 
permeability is a rock property, and assuming Darcy’s law to be valid, it is linearly correlated to the applied 
pressure gradient and independent of the fluid type. In a multi-phase flow system one has to consider that 
the conductivity for each fluid phase depends on saturation. In this case, the term effective permeability to 
the gas/oil/water phase is used. In this study we will focus on the saturated flow only, i.e. the intrinsic 
permeability. 
7.2.4.1 Permeability measurements on core plugs 
Single-phase permeability experiments on core plugs and under enhanced pressures and temperatures may 
either be conducted with a compressible or incompressible fluid. For experiments with water or brine, the 
absolute permeability is calculated according to Darcy’s law for incompressible media 
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with Q being the fluid flux (m s-1), η the dynamic viscosity of the fluid (Pa·s), dp/dx the pressure gradient (Pa 
m-1), and A (m²) the cross section area. When gas is used, the permeability is calculated using Darcy’s law 
for compressible media: 
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The amount of mass dn (kg) moving through the sample is either calculated from the out-streaming gas 
volume on the low pressure side V2/dt with p2 (Pa) the corresponding pressure (open system), or the 
pressure increase dp2/dt in a calibrated downstream compartment V2 (m
3, closed system). The gas 
permeabilities calculated from the recorded flux are known to decrease with increasing mean pressure, 
which is attributed to the slip-flow effect, i.e. the pressure and temperature dependent mean free path 
length of the gas molecules. This effect is accounted for by the Klinkenberg correction, where an 
extrapolation to infinite high mean gas pressure yields the intrinsic permeability (Klinkenberg, 1941). 
7.2.4.2 Modelling permeability 
There are many ways to correlate permeability to parameters like porosity, mineralogy, average grain size 
etc. An overview is provided by Nelson (1994). For most of these correlations insufficient data are available 
here or simply too many assumptions have to be made. For this study, we have decided to focus on two 
approaches, namely the Kozeny-Carman equation, which proved to be useful for the prediction of 
sandstone and soil permeabilities (e.g. Chapuis and Aubertin, 2003), and the Young and Aplin model (Yang 
and Aplin, 1998), taking into account clay content and pore shape anisotropy, typical characteristics of 
compacted mudstones.  
The Kozeny-Carman equation (Carman, 1956) was successfully used in the past in its original form, or in 
adapted versions, to predict permeability of (mainly) high permeable rocks from other, easier measurable, 
petrophysical parameters and is usually presented in the form: 
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Where k is permeability (m2), Ø is porosity (-), S specific surface area per bulk volume of rock (S = 
SSA⋅ρsample, (m-1)), d (d=6/S) is the mean grain diameter (m) and K is the Kozeny-Carman constant (KC): 
À  ³Á             (7-5) 
While c is the dimensionless Kozeny constant (basically a shape factor), τ the sample tortuosity and ρsample 
(kg m-3) the grain density. The KC-constant can vary according to different authors but is usually considered 
to be approximately 5 for porous media with mainly spherical particles, as typically found in well-sorted 
sandstone reservoirs. 
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Yang and Aplin (1998) introduced a permeability formulation, which explicitly considers the nature of an 
anisotropic, clay-rich rock. Their model includes various parameters: pore size and geometry, pore 
alignment in dependence of effective stress, porosity and clay content. Both, horizontal and vertical 
permeability can be predicted using this approach. 
Basic mineralogical and petrophysical input parameters are used in the model that are relatively easy to 
obtain: clay content (fractional clay content (mass of grains less than 2 µm or 2x10−6 m in diameter), 
porosity Ø (fraction) and average pore radius rmean (nm or 10
-9 m) to calculate vertical (kv) and horizontal (kh) 
permeabilities (m2). The basic equations proposed by Yang and Aplin are: 
<G  10ej.EeÂGe.eeª\e.'ÃF         (7-6) 
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e is the void ratio and e100 is the void ratio at 0.1 MPa effective stress σ’: 
f  Õ"eÕ&           (7-13) 
J1 is the ratio of the largest ratio radius of a pore to its throat radius or the largest pore aspect ratio 
(assumed to be the same for all pores for a given sample), and α is the average pore alignment angle 
relative to bedding direction (degree). Further details, discussion and fitting attempts to experimental data 
was published earlier (Yang and Aplin, 1998, 2004, 2007, 2010; Armitage et al., 2011). 
7.3 Overview of measurement methods to determine capillary pressures in 
mudrocks 
7.3.1 Experimental Methods 
All methods to determine capillary threshold pressures (Pc) are similar in the experimental setup. It consists 
of a triaxial arrangement with axial and confining stress options. The cylindrical sample plug is situated in a 
core holder with porous disks at the bottom and the topic of the sample (Figure 7-3). The disk ensures 
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uniform distribution of the gas phase on the sample surface. The triaxial setup is usually in a temperature 
controlled air cabinet, in a water bath or the cell is surrounded by a heating jacket to ensure constant 
temperature conditions. Pressure and/or fluid flow rates are controlled by a syringe pump and determined 
by high-accuracy pressure transducers at the top and bottom of the sample. Before applying gas pressure 
on the high pressure side of the sample water saturation is assured and brine permeability is determined. 
 
Figure 7-3. Simplified experimental setup to determine capillary threshold pressure on caprocks. 
7.3.2 Step-by-step approach  
The standard approach for measuring Pc values (e.g. Al-Bazali et al., 2005; Li et al., 2005) consists of a step-
by-step increase of the non-wetting phase (e.g. CO2) pressure at the inlet or high pressure side of the core 
plug. This approach can be conducted under in-situ conditions and is also very simple to interpret since it 
relies on the definition of the capillary threshold pressure. Once the gas phase enters the water-filled 
capillary network, CO2 pressure decreases along with the flow rate. The inlet pressure is increased step-by-
step until gas threshold is observed. The flow is controlled by using a pump in regulated pressure mode and 
connected at the outlet. 
7.3.3 The Continuous Injection Approach  
In this approach (Rudd and Pandey, 1973) the non-wetting fluid is injected in small and continuous 
quantities. This leads to a continuous pressure increase at the inlet until Pc is exceeded and two-phase flow 
is initiated by CO2 entering the sample. If the sample material is heterogeneous, the pressure evolution 
with time may fluctuate that relate to variations of the Pc values throughout the length scale of the sample. 
A further limitation is the assumption that the viscous gradient in the water phase is negligible when a very 
small rate is used and can significantly overestimate the threshold pressure (Egermann et al., 2006). 
7.3.4 The Residual Capillary Pressure Approach  
One advantage of this method (e.g. Hildenbrand et al., 2004a; Wollenweber et al., 2010) is related to 
experiment duration. Here the inlet pressure is chosen higher than the expected threshold pressure. A 
transient flow is established over the water-saturated sample and pressure changes in the inlet (P1) and 
outlet (P2) pressure vessels are recorded over time. After flow is established, P1 decreases while at the 
same time P2 increases. When the pressure difference between P1 and P2 is close to the threshold pressure 
Pump or 
gas bottle 
for fluid 
supply
to determine 
brine flow rate
controlled temperature and stress conditions
sample
(water-filled) porous disk
inlet/outlet volume
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Pc (residual capillary pressure or “snap-off pressure”) of the largest interconnecting capillary, water re-
imbibes back into the sample, disabling gas transport through the sample. 
7.3.5 The dynamic threshold Pc approach  
In this approach (e.g. Egermann et al., 2006) CO2 is injected into the water saturated sample with a 
constant ∆P that is higher than the expected threshold Pc value. Initially, water is displaced from the inlet 
part and the flux can be detected at the outlet. As soon as the non-wetting fluid arrives at the inlet face of 
the core, a significant decrease of the slope (brine flow rate) is recorded due to the capillary pressure jump 
at the non-wetting phase front. This jump is related to the onset of two-phase flow. 
Table 7-2. Ad-/disadvantages of different methods to measure threshold pressures (based and modified 
after Egermann et al. Egermann et al., 2006).  
Mercury 
porosimetry 
pro available, cheap, commonly used 
contra 
CO2/water IFT and contact angle data needed to 
convert from Hg/air; sample drying may damage shale 
structure 
Standard 
pro 
good accuracy of threshold pressure (primary 
drainage); standard approach with certain availability 
contra 
long durations involving small pressure steps; risk of 
over-estimating threshold pressure 
Continuous 
injection 
pro 
fast procedure, can be accurate for homogeneous 
samples 
contra 
provide several threshold pressures for heterogeneous 
samples; might lead to over-estimation of threshold 
pressures 
Residual 
pro 
fast procedure that requires one pressure fall-off test to 
determine threshold pressure 
contra 
threshold pressures recorded on the imbibition path 
that provide an underestimation of threshold pressures 
Dynamic 
pro good accuracy, heterogeneities can be accounted for 
contra 
values can be overestimated since pressures applied 
are higher than threshold pressure, relatively long time 
scales 
7.4 Database content 
A total of 214 datasets were collected, providing mineralogical and petrophysical information of various 
rock types, e.g. porosity, permeability, capillary breakthrough pressure, mercury porosimetry data, and 
specific surface area. The main focus, however, was on mudrocks. An overview of the most relevant 
parameters used in this study and their original sources is provided in Table 7-3. 
Table 7-3. Overview of most relevant rock specific parameters used in this study.  
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Method Gas # rock type Authors 
Drainage capillary breakthrough pressure (Pc_brkth) 
 N2 45 mudrocks, 
evaporites, 
carbonates, 
sandstones 
Al-Bazali et al. 2005, 2009; Carles et al., 2010; Ibrahim 
et al., 1970; Ito et al., 2010; Li et al., 2005; Purcell, 1949; 
Schowalter, 1979b; Thomas et al., 1968; Tonnet et al., 
2010 
 CO2 3 evaporites Li et al., 2005 
 CH4 1 evaporite Li et al., 2005 
 He 24 mudrocks Harrington and Horseman, 1999; Horseman et al., 1999; 
Marschall et al., 2005 
Total  73   
Imbibition capillary snap-off pressure (Pc_snap-off) 
 CO2 19 mudrocks, 
carbonates, 
sandstones 
Hildenbrand et al. 2002, 2004; Amann-Hildenbrand et 
al., submitted; Wollenweber et al., 2010 
 CH4 12 mudrocks, 
sandstones 
Hildenbrand et al. 2002, 2004 
 N2 29 mudrocks, 
sandstones 
Hildenbrand et al. 2002, 2004; Ito et al., 2010 
 He 5 carbonates Amann-Hildenbrand et al., submitted; Wollenweber et 
al., 2010 
Total  65   
Mercury porosimetry capillary entry pressures 
 Hg 88 mudrocks, 
carbonates, 
sandstones 
Hildenbrand et al. 2002, 2004; Amann-Hildenbrand et 
al., accepted; Carles et al., 2010; Ito et al., 2010; Purcell, 
1949; Thomas et al., 1968 
Permeability data  
 brine/tap 
water 
196 mudrocks, 
carbonates, 
sandstone, 
evaporites 
Al-Bazali et al., 2009; Al-Bazali et al., 2005; Alles, 2008; 
Ibrahim et al., 1970; Ito et al., 2010; Li et al., 2005; 
Marschall et al., 2005; Schlömer, 1998; Schlömer and 
Krooss, 1997; Schowalter, 1979b; Tonnet et al., 2010; 
Wollenweber et al., 2010; Yang and Aplin, 1998, 2007 
7.5 Results and Discussion 
7.5.1 Correlations for permeability  
Permeability and porosity can be considered as the minimum requirement to characterise flow properties 
of mudrocks. There are different ways to determine the intrinsic or absolute permeability of a rock, which is 
a rock property. Depending on the type of measurement values may differ from each other (steady state 
vs. non-steady state, use of water/brine vs. gas). However, it is not the purpose of this report to provide a 
best practice for permeability tests on low permeable rocks. Shale permeability measurements are 
different when compared to experiments on high permeable rocks, as a very tight and well calibrated 
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system is required to detect the small fluid fluxes at the outflow side of the sample plug. Experiments on 
plugs can take up to days or weeks, especially when using brine as test fluid. The difficulty is in re-
establishing water saturation of these rocks, especially for those that contain considerable amounts of 
swelling clays like montmorillonite.  
7.5.1.1 Brine versus tap water permeability 
Hildenbrand et al., 2004a provide several datasets for brine and tap water permeability for the same low-
permeable argillaceous rock, determined under reservoir effective stress conditions. Although different 
permeabilities could be expected since different salt solutions and concentrations may swell or shrink 
swellable clays (e.g. montmorillonite), this was not the case as shown in Figure 7-4. Unfortunately in the 
work of Hildenbrand et al., 2004a no information on montmorillonite content is provided. Different salt 
solutions will affect hydration states of montmorillonite which is considered to influence permeability. 
Nevertheless, in the further course of this study brine and tap water permeabilities are treated equally. 
 
Figure 7-4. Brine versus tap water permeability on various low-permeable rocks (data from Hildenbrand et 
al., 2004a). 
7.5.1.2 Brine versus air permeability 
Some studies report air, while others report brine permeabilities, making it useful to find a correlation to 
obtain additional permeability values if only one value is provided. Figure 7-5 shows three data series; two 
of which have been reported earlier in the literature with fitted correlations (Macary, 1999; Pugh et al., 
1991) and the third is based on data published by Carles et al., 2010 and Thomas et al., 1968. All datasets 
and their respective correlations are similar and show that air permeabilities are 1-2 orders of magnitude 
higher than their respective brine permeabilities. Similar observations are reported by Ghanizadeh et al. 
(submitted), where lower water permeability values are attributed to the reduction of the effective pore 
throats by thin, non-mobile water films on the pore walls and/or an enhanced supplementary compaction 
upon wetting. 
1.E-21
1.E-20
1.E-19
1.E-18
1.E-21 1.E-20 1.E-19 1.E-18
Ta
p 
w
at
er
 p
e
rm
ea
b
ili
ty
 (
m
2 )
Brine permeability (m2)
7. Predicting capillarity of mudrocks 
177 | P a g e  
The correlation determined here will be used in the further course of this study: 
¸¹Ö	"<&  ¸¹ Ö"<&  1.03	"6  22, YE  0.92&      (7-14) 
 
Figure 7-5. Correlation of brine with Klinkenberg corrected air permeabilities for various rock types. 
Published correlations Macary, 1999; Pugh et al., 1991; additional data forming base of correlation in this 
study Amann-Hildenbrand et al., submitted; Carles et al., 2010; Thomas et al., 1968. 
7.5.1.3 Comparison between measured and modelled permeabilities 
Comparing modelled with measured intrinsic permeabilities shows that a good prediction is obtained by 
the Yang and Aplin model (Figure 7-6, Yang and Aplin, 1998). The approach considered by Yang and Aplin 
gives fairly accurate predictions for samples with permeabilities higher than 10-20 m².  
 
Figure 7-6: Yang and Aplin, 1998 permeability model applied to experimental datasets from various authors 
Armitage et al., 2011; Armitage et al., 2010; Hildenbrand et al., 2004a; Hildenbrand et al., 2002; Schlömer, 
1998; Wollenweber et al., 2010; Yang and Aplin, 1998, 2007. 
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Equation 5 was applied to the current dataset using the Kozeny-Carman (KC) constant with different 
tortuosity τ values (providing the best fit to the data). For sandstones KC is usually considered to be 5, 
representative of spherical grains with low tortuosity. Surface area S and porosity Ø values are taken from 
the database used here. The Kozeny-Carman equation used for sandstones largely overestimates mudrock 
(and carbonate rich rock) permeability when assuming a standard KC-constant of 5. A better fit to the 
measured data is obtained by using a KC-constant of 250-500 for perpendicular to parallel permeabilities 
respectively (Figure 7-7). It is obvious from Figure 7-7 that for most of the mudrock samples there is still a 
large scatter between measured and calculated permeabilities. The KC values however are in line with Yang 
and Aplin, 2007 who report a Kozeny-Carman constant of 200 for vertical and 1000 for horizontal 
permeabilities. The reason for these large KC-values is attributed to much higher tortuosity values for 
mudrocks. It should be noted that tortuosities can vary from sample to sample. In general mudrocks have a 
complex pore connectivity and even though porosity can be high (e.g. >10%), not all pores effectively 
contribute to flow (the same holds for surface area). Another aspect is the method used for determining 
porosity. Often authors do not report their porosity method, there is a certain risk of comparing different 
basic values. For example, He-pycnometry and Archimedes based methods may provide higher porosity-
values than mercury porosimetry. This is due to diverging accessibility to the pore space for different fluids 
at given pressures conditions, hence resulting in different porosities. An in-depth discussion is however 
outside the scope of this report. 
 
Figure 7-7. Comparison between measured brine permeability and calculated permeability following the 
Kozeny-Carman relation. 
We can conclude that clay-rich, low-permeable rocks are probably too complex in pore and grain-size 
distribution to successfully apply Kozeny-Carman’s approach for determining permeabilities, which is 
confirmed by e.g. Schlömer and Krooss, 1997). 
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7.5.2 Capillary pressure correlations 
7.5.2.1 Correlations for interfacial tension 
Since the comparison of capillary pressure data relies on a common denominator, meaning the 
thermodynamic and wetting properties of the respective two-phase system, a conversion may easily be 
done between the different systems. In our case we used CO2/brine as the reference case because of its 
importance for the capillary sealing efficiency for geological CO2 storage. The same conversion could be 
done for the system CH4/brine. Although several experimental studies are available showing that CO2 
contact angles can range between ~0 and 90˚ we used perfect water-wet conditions with θ = 0° (cos(θ)=1) 
which is also assumed for gases like CH4 or N2. This simplifies Equation 1 to: 
	_8
>  E            (7-15) 
Hence, capillary pressure data available for non-CO2 gases can be re-calculated to CO2 capillary pressures 
following: 
C_8
>_CDE  	_) ∙ ØÙPLKl2ÚLKl2           (7-16) 
While x denotes the non-CO2 gas (e.g. N2, CH4, He). 
In addition, re-calculating mercury porosimetry data to any gas species requires constants for contact angle 
and interfacial tension (Equation 5): 
C_8
>_)  	_
¶_A ∙ ÚLKl2∙	"WÚ&Fª'/Û/ ∙		"eFe°&        (7-17) 
Although it is generally accepted that the mercury interfacial tension is constant and therefore pressure 
independent, Hills and Høiland, 1984 measured that the mercury/nitrogen interfacial tension decreases 
from ~480 mN/m at atmospheric pressures to ~420 mN/m at 75 MPa. For the mercury/air system, the 
largest Hg/air entry pressure found in the database used in this study is 75 MPa. No data were found for 
the pressure dependence of the Hg/air contact angle. 
Correlation attempts for interfacial tension (IFT) of CH4 (Figure 7-8a, data from Ren et al., 2000), N2 (Figure 
7-8b, data from Yan et al., 2001), CO2 (Figure 7-8c, data from Bachu and Bennion, 2009) and He (Figure 
7-8d, data from Wiegand and Franck, 1994) are based on best estimate fits as a function of temperature 
and pressure. In general there are many more studies reporting pressure, temperature and salinity-
dependent IFT and it is not the aim of this paper to make a judgement on the suitability of each dataset. 
Here, those studies with a broad pressure and temperature range have been used to represent reservoir 
conditions down to a depth of at least 3 km. For CO2, IFT is considered to depend on brine salinity, 
suggesting that IFT increases with increasing salinity (Bachu and Bennion, 2009; Li et al., 2012a; Li et al., 
2012b). However, the effect of salinity on IFT will not be considered here, as the reported measurements 
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have generally been performed using either tap water or low salinity brine (e.g. solubility <10,000 ppm). 
For the different gases, IFT correlations as a function of pressure and temperature are as follows: 
CAF  67.26  0.926 ∙ % * 0.011 ∙ %E  0.119 ∙ Z#  #[     (7-18) 
ÜE  66.03  0.353 ∙ % * 0.001 ∙ %E  0.169 ∙ Z#  #[     (7-19) 
CDE  49.08  1.582 ∙ % * 0.032 ∙ %E * 0.100 ∙ "#  #&     (7-20) 
AE  72.00  0.028 ∙ %  0.165 ∙ "#  #&       (7-21) 
Where p is pressure (MPa), T is temperature (K) and Tref is the reference temperature (333 K for CH4 and N2; 
298 K for He; 348 K for CO2). 
 
Figure 7-8. Interfacial tension data (symbols) and fits (lines) at various temperatures. Experimental data for 
CH4 (a) from Ren et al., 2000, N2 (b) from Yan et al., 2001, CO2 (c) from Bachu and Bennion, 2009 and He (d) 
from Wiegand and Franck, 1994. Note that the correlation for CO2 is only valid for pressures and 
temperatures for supercritical conditions (T>~323 K; P>8 MPa). 
7.5.2.2 Mercury injection capillary pressure data on cuttings 
Figure 7-9 shows MIP versus brine permeability with data from this study compared to other experimental 
studies and fitted trends from other authors (Harper and Lundin, 1997; Sperrevik et al., 2002). In general 
there is a large scatter in data with a poor regression. Sperrevik et al., 2002 investigated fault rocks, 
showing a regression R2 between MIP and permeability of 0.84, and an even better value for host rocks (R2= 
0.90). However, these regressions cannot be verified through comparison with other datasets.  
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The fitted equations for the datasets are given below. Note that Hg capillary entry pressure Pc_entry is in MPa 
and permeability k in m2. 
`ℎ²¯	¯`Þ·´:	¸¹Ö	"	_
¶&  0.11 ¸¹Ö"<&  1.85	"6  88,YE  0.08&    (7-22) 
à_\%f\	&	âÞ6·²6:	¸¹Ö	"	_
¶&  0.29 ¸¹Ö"<&  4.98      (7-23) 
%f\\fã²<	f`	_¸	"±_Þ¸`	\¹³<¯&: ¸¹ Ö 	2lMK  0.38 ¸¹Ö"<&  6.37  (R2=0.84)  (7-24) 
%f\\fã²<	f`	_¸	"ℎ¹¯`	\¹³<¯&: ¸¹ Ö 	2lMK  0.40 ¸¹Ö"<&  6.72  (R2=0.90)  (7-25) 
 
Figure 7-9. Log-log plot of mercury capillary entry pressure vs. brine permeability with data compilations 
from different authors (Berg and Avery, 1995; Gibson, 1998; Schowalter, 1979b), a compilation from this 
study and various correlations by other authors (Harper and Lundin, 1997; Sperrevik et al., 2002). Note that 
trend lines are only given for the permeability range provided in the original study. 
Given the poor correlation between Pc_enrty and permeability, it seems that Hg/air capillary pressures cannot 
be predicted from permeability (or vice versa) for the data used in this study. It should also be noted that 
no further significant relationship was found between Hg capillary entry pressure and other petrophysical 
or mineralogical parameters. Unfortunately not every study describes the methodology in detail, so no 
inferences can be made. 
7.5.2.3 Capillary pressures from plugs  
7.5.2.3.1 Drainage capillary breakthrough pressure 
Although this report is concerned with capillary breakthrough pressures in relation to caprock integrity for 
CO2 storage there are only three datasets that use CO2 for Pc_brkth measurements (Li et al., 2005) and most 
datasets were determined using N2 (typical analogue fluid), He and CH4 as test gases.  
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Figure 7-10 shows a plot of N2 and He drainage capillary pressures as a function of permeability. With good 
approximation N2 and He can be treated equally due to similar IFT and wettability data. A good correlation 
(R2=0.74) was found for permeabilities ranging from 10-13 to 10-21 m2 (0.1 D to 1 nD) for the different rock 
types. This trend would even be more distinct by excluding the mudrock samples (R2=0.82).  
Accordingly, the Pc_brkth versus k correlation function for all capillary breakthrough pressure data used in this 
study: 
¸¹ÖZ	_8
>[  0.348 ¸¹Ö"<&  6.2	"6  59, YE  0.74&     (7-26) 
Considering the mudrock samples only (Figure 7-10), a slightly different regression function with, however, 
poor regression is found: 
äÞ·\¹³<:	¸¹ÖZ	_8
>[  0.25 ¸¹Ö"<&  4.337	"6  27,YE  0.29&	 	 	 "7-27&	
Several other Pc_brkth_N2 measurements on plug samples have been correlated by Davies, 1991 for various 
rock types based on different studies (Ibrahim et al., 1970; Rose and Bruce, 1949; Thomas et al., 1968; 
Wyllie and Rose, 1950): 
]_\æ¹6_`f:	¸¹ÖZ	_8
>[  0.336 ¸¹Ö"<&  6.060	"6  49, YE  0.80&		 	
Ibrahim et al., 1970; Thomas et al., 1968       (7-28) 
ç6ℎ´·\²`f: ¸¹ÖZ	_8
>[  0.348 ¸¹Ö"<&  6.585	"6  7, YE  0.90&		 	Ibrahim	et	al.,	1970	 	 	 	 	 	 	 	 	 	 "7-29&	
äÞ·\¹³<:	¸¹ÖZ	_8
>[  0.344 ¸¹Ö"<&  6.120	"6  22, YE  0.74&		 	Ibrahim	et	al.,	1970	 	 	 	 	 	 	 	 	 	 "7-30&	
_6·¯`¹6f:	¸¹ÖZ	_8
>[  0.369 ¸¹Ö"<&  6.602	"6  22, YE  0.97&	 	Rose	and	Bruce,	1949;	Thomas	et	al.,	1968;	Wyllie	and	Rose,	1950	 	 	 	 "7-31&	
 
Figure 7-10. Drainage capillary breakthrough pressure (Pc_brkth) versus brine permeability on sample plugs 
using N2 and Helium on a log-log scale. 
All samples this study: log(Pc) = -0.348log(kabs)-6.2, R² = 0.74, n=59
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The regressions for carbonates, mudrocks and sandstones are similar to those found in this study and 
basically confirm the general trend given in Equation 23. Only the trend for anhydrite determined by 
Davies, 1991 is different and shows consistently lower breakthrough pressures compared to siliciclastic 
rocks and carbonates which is different for the anhydrite samples shown here (Figure 7-10). 
In contrast to the trends obtained for permeability versus MIP (Figure 7-9), a much better agreement has 
been found for plug-derived capillary breakthrough pressures, especially considering the various rock types 
included. 
Figure 7-11 shows a plot of measured N2 drainage capillary pressure versus corresponding mercury capillary 
entry pressures. Mercury derived entry pressures typically have higher values than their corresponding N2 
pressures because of higher interfacial tension (~factor 7) of mercury compared to nitrogen. A regression 
through the data gives the following relationship: 
¸¹ÖZ	_8
>_ÜE[  0.74	¸¹Ö	"	2lMK_ I&  0.53	"6  17, YE  0.81&     (7-32) 
The same figure shows N2 capillary breakthrough pressures calculated from the MIP data using IFT 
correlations from Equation 8 and a contact angle with cos(θ)=1. Ideally, these values plot on a linear curve 
with a slope of 1 assuming that Hg/air capillary pressures can readily be converted to gas/brine data. Figure 
7-11 shows that this is not the case, however that the calculated values are not too far off from the 
expected values. The reason for this deviation might be some uncertainty in IFT values, slight deviations in 
contact angle from perfectly water-wet conditions (cos(θ)=1) and/or inconsistencies in picking the right 
capillary entry pressure from mercury porosimetry data as discussed earlier.  
 
Figure 7-11. Log-log plot of measured drainage N2 capillary breakthrough pressures on sample plugs versus 
corresponding MIP from cuttings of the same rock for different rock types (colored symbols). Black circles 
correspond to re-calculated N2 breakthrough pressures from MIP data using IFT from correlation in Equation 
8 and assuming water-wet conditions. Solid line: trendline for Pc_brkth_N2 versus Pc_entry_Hg; dashed line: 
R² = 0.81
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trendline for Pc_entry determined from mercury porosimetry and re-calculated to N2 versus Pc_brkth_N2; dotted 
line: linear curve with slope of one. 
Figure 7-12 shows Pc_brkth_N2 versus porosity relations for a variety of rocks (sandstone, carbonate, 
anhydrite) for which a reasonable regression was found. Generally Pc_brkth_N2 increases with decreasing 
porosity following the trend: 
	_8
>_ÜE  0.14f'.ªF	∅	"6  23, YE  0.59&       (7-33) 
This correlation only applies by excluding the three data points obtained for shales (Ito et al., 2010), which 
have unusually high porosities for the breakthrough pressures reported. It is assumed that this correlation 
will not apply for mudrocks because of the highly variable porosity at a given permeability. Due to their 
texture mudstones exhibit a high percentage of pores, whereas flow is strongly restricted by the alignment 
of clay particles. However, also the type of porosity method is of importance, resulting in strongly deviating 
values. 
 
Figure 7-12. N2 Pc_brkth versus porosity plots for various carbonate, anhydrite and sandstones. 
7.5.2.3.2 Imbibition capillary entry pressure (“snap-off” pressure) 
Figure 7-13 and Figure 7-14 show correlations of imbibition capillary (snap-off) pressures as a function of 
brine permeability for different rock types independent of gas species (Figure 7-13) and in dependence of 
the gas species for which sufficient data was available (CO2, CH4, N2, Figure 7-14). In general, data correlate 
poorly, especially for the low permeability range (<10-18 m2), which is dominated by mudrocks. An 
exception is the correlation for CH4 which covers a broader permeability range compared to the other gases 
and has the following trend (Figure 7-14): 
]àF:	¸¹ÖZ	_[  0.24	¸¹Ö"<&  4.62;	YE  	0.80, 6  14	   (7-34) 
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Figure 7-13. Log-log plot of snap-off capillary pressure versus brine permeability on sample plugs using 
different gases (N2, CH4, CO2, He). Data from Hildenbrand et al., 2004a; Hildenbrand et al., 2002; Ito et al., 
2010; Wollenweber et al., 2010. 
 
Figure 7-14. Log-log plot of imbibition capillary pressure data for individual gas species (N2, CO2, CH4) as a 
function of brine permeability. Data from Hildenbrand et al., 2004a; Hildenbrand et al., 2002; Ito et al., 
2010; Wollenweber et al., 2010. 
Figure 7-15 shows correlations of the effective permeability (keff) to gas that is measured after drainage 
capillary breakthrough pressure has been overcome. This data can also be treated as relative permeabilities 
when normalising to respective brine permeabilities. In these experiments water saturations remain 
unknown. Data was retrieved from measurements by Hildenbrand et al. (2002, 2004) and details on the 
experimental procedures are provided therein. Generally it is shown that keff is up to two orders of 
log(Pc_snap-off) = -0.22 log(k)-4.42; R² = 0.31
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magnitude lower than the corresponding brine values. There are reasonable correlations for the sandstone 
and mudrock datasets: 
Sandstone: ¸¹ÖZ<[  0.9 ¸¹Ö"<&  3.33;	YE  0.83, 6  10     (7-35) 
Mudrock: ¸¹ÖZ<[  1.35 ¸¹Ö"<& * 6.1;	YE  0.69, 6  37    (7-36) 
Unfortunately, the number of carbonate and marlstone measurements is insufficient for a statistically 
relevant evaluation. 
 
Figure 7-15. Log-log plot of brine permeability versus effective gas permeability after capillary breakthrough 
pressure is exceeded for different rock types. Data from Hildenbrand et al., 2004a; Hildenbrand et al., 2002; 
Wollenweber et al., 2010. 
When plotting snap-off pressures versus keff for the different gas species, an expected negative correlation 
as shown in Figure 7-16 is found. These general trends, while most experimental data presented here are 
already shown by Hildenbrand et al., 2004a, were added for completeness. It should be noted that for 
Helium only three datasets were available. 
]àF:	¸¹ÖZ	_	[  	0.32	¸¹ÖZ<[  6.86;	YE  	0.86, 6  12	   (7-37) 
]ýE:	¸¹ÖZ	_ 	[  	0.33	¸¹ÖZ<[  7.15;	YE  	0.73, 6  16	   (7-38) 
þE:	¸¹ÖZ	_	[  	0.34	¸¹ÖZ<[  6.96;	YE  	0.74, 6  15	   (7-39) 
àf:	¸¹ÖZ	_	[  	0.36	¸¹ÖZ<[  7.62;	YE  	0.84, 6  3	    (7-40) 
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Figure 7-16. Effective permeability (keff) after capillary breakthrough pressure is exceeded on a log-log scale 
for different gas species, CH4, CO2, N2 and He. Data from Hildenbrand et al., 2004a; Hildenbrand et al., 2002; 
Wollenweber et al., 2010. 
7.5.2.3.3 Comparison of breakthrough and snap-off capillary pressure 
Drainage (breakthrough) and imbibition (snap-off) Pc values differ when plotted against permeability. The 
reasons are described above and attributed to e.g. advancing (drainage) versus receding (imbibition) 
contact angles. It can generally be expected that breakthrough pressures are higher than snap-off pressures 
on the same sample. In the following correlations for sandstones and mudrocks were established. For other 
rock types the data set was too small and could therefore not be considered. 
Figure 7-17 shows drainage and imbibition Pc values for sandstones with a good to excellent regression for 
a large permeability range (between ~1 D to 1 nD). Original data have been measured using different gases 
and were all recalculated to CO2 capillary pressures using IFT values from above and fully water-wet 
conditions: 
¸¹ÖZ	_ 	[  	0.30	¸¹Ö"<&  5.92;	YE  	0.88, 6  8	    (7-41) 
¸¹ÖZ	_8
>>	[  	0.44	¸¹Ö"<&  8.19;	YE  	0.99, 6  10	    (7-42) 
Here, Pc values were all re-calculated for CO2/brine using IFT data from above and assuming fully water-wet 
conditions, i.e. cos(θ)=1. It can be seen that for permeabilities lower than 10-15 m2 (mD) the imbibition is 
lower than the drainage capillary breakthrough pressure, while the two lines cross at a permeability of ~1 
mD. This shows that the generally considered ratio of drainage to imbibition capillary pressure of two (e.g. 
Zweigel et al., 2004) is not a constant but rather permeability (or pore throat size) dependent. 
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Figure 7-17. Plug-derived drainage (breakthrough) and imbibition (snap-off) Pc (MPa) versus k (m
2) curves 
for sandstones on a log-log scale. All Pc values have been calculated for CO2 according to Chapter 7.5.2.1. 
Note that these are global correlations and snap-off and breakthrough pressures were not determined on 
the same plug. Breakthrough pressure data from Ibrahim et al., 1970; Purcell, 1949; Schowalter, 1979b; 
Thomas et al., 1968; snap-off pressure data from Hildenbrand et al., 2004a; Hildenbrand et al., 2002. 
A similar approach was followed for mudrock samples as shown in Figure 7-18. It is evident that imbibition 
values are in general lower than drainage values. However, the scatter is large resulting in poor regression 
coefficients of R2<0.5. 
¸¹ÖZ	_ 	[  	0.29	¸¹Ö"<&  5.01;	YE  	0.26, 6  30	    (7-43) 
¸¹ÖZ	_8
>>	[  	0.41	¸¹Ö"<&  7.81;	YE  	0.46, 6  35	    (7-44) 
 
Figure 7-18. Drainage and imbibition Pc (MPa) versus k (m
2) for mudrocks on a log-log scale. All Pc values 
have been re-calculated for CO2/brine system according to Chapter 7.5.2.1. Note that these are global 
correlations and snap-off and breakthrough pressures were not determined on the same plug. Breakthrough 
pressures from Al-Bazali et al., 2009; Harrington and Horseman, 1999; Ibrahim et al., 1970; Ito et al., 2010; 
Marschall et al., 2005; snap-off pressure data from Alles, 2008; Hildenbrand et al., 2004a; Hildenbrand et 
al., 2002; Ito et al., 2010. 
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Figure 7-19 compares the plug-derived drainage/imbibition ratios for both datasets (sandstone and 
mudrocks) against permeability. It is shown that both curves follow a similar trend with permeability. The 
drainage/imbibition ratios are generally higher than 1. For comparison, two data points (Amann-
Hildenbrand et al., submitted; Boulin et al., 2011) where imbibition and drainage capillary pressures were 
determined on the same sample, are included. Both values plot close to the calculated trend lines. Reasons 
for the clear trend with permeability are only speculative. The aspect ratio, which is the ratio of pore body 
to pore throat radius has been assumed to play a role and Pentland (2010) has demonstrated that this ratio 
increases with decreasing permeability for a permeability range of 10 to 0.1 Darcy. Further research should 
focus on this aspect since no information was found reporting aspect ratios of lower permeable rocks in the 
literature. High resolution imaging in addition to mercury porosimetry are considered adequate for 
studying pore throat sizes even in the <100 nm range, which is common in mudrocks. 
 
Figure 7-19. Log-log plot of CO2 drainage/imbibition Pc ratio versus brine permeability. Only the permeability 
range is shown where data is available. Note that these are global correlations and snap-off and 
breakthrough pressures were not determined on the same plug. For comparison two data points on two 
different carbonate-rich rocks are shown where breakthrough and snap-off pressures were determined on 
the same sample Amann-Hildenbrand et al., submitted; Boulin et al., 2011. 
In practical terms, for CO2 storage operations or hydrocarbon entrapment, the observed difference 
between drainage and imbibition Pc means that a reservoir that once started to leak, will only be re-sealed 
by a large pressure reduction, i.e. until water re-imbibition stops fluid flow. This means that already 
significant amounts of gas may have been dismigrated from the storage site. 
Assuming a simple hypothetical case of a shale formation with 1 nD permeability (~10-21 m2), a 
drainage/imbibition Pc ratio of ~6 and CO2 drainage capillary breakthrough pressure of 6 MPa; 
caprock/reservoir interface depth at 2000 m (corresponding to hydrostatic pressure of 20 MPa and 
temperature of 70°C) and brine density ρbrine 1000 kg/m3.  
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ℎ  Jr_LKM"4LKl24ØÙP&∙          (7-45) 
The maximum CO2 column height h would be (with a calculated CO2 density ρCO2 of ~660 kg/m3, Span and 
Wagner, 1996) about 1800 m. If gas percolation through the mudrock is established the gas column needs 
to be lowered to ~300 m to stop gas flow (Pc_snap-off of 1 MPa). In terms of lost amount of gas, this would 
correspond to ~6 Mt/km2 when assuming an effective porosity of 10% and a residual CO2 saturation of 30%. 
Performing the same calculation for a natural gas reservoir, assumed to be filled with pure CH4, with a gas 
density of 123 kg/m3 (Setzmann and Wagner, 1991), the gas column height to initiate capillary leakage 
would be ~700 m and ~115 m to stop leakage following water re-imbibition.  
7.5.3 Comparability of data 
There are many factors impacting the accuracy and/or comparability of the data sets used here. For 
instance experimental protocols to determine e.g. capillary breakthrough pressures on sample plugs will 
certainly differ from laboratory to laboratory. A large portion of studies do not even report the method 
used for porosity determination, like H2 pycnometry or Hg-porosimetry. As porosities vary significantly from 
method to method, comparability to other parameters is strongly restricted. 
Other uncertainties are the quality of sample plugs used within the various studies (e.g. alteration and 
desiccation in core sheds for many years) or sample sizes. Plug diameters usually vary between 1 and 1.5 
inches and sample length between a few mm up to a few inches. The choice of sample size is important, i.e. 
during in-situ measurements on plug sample dehydration, plug drilling or other mechanical damage may 
favour the risk of small artificial fissures leading to a strong underestimation of sealing capacity (too low 
capillary pressure values). 
7.5.3.1 Influence of effective stress 
For the datasets used in this study, the confining pressures varied roughly between 15 MPa (Tonnet et al., 
2010) and 40 MPa (Wollenweber et al., 2010). This has consequences for the comparability of the data, 
especially on permeability and capillary pressures since those are directly coupled to effective stress. 
Katsube and co-workers (Katsube, 2000; Katsube et al., 1991; Katsube and Williamson, 1994) have shown 
that by increasing the effective stress from zero to 50 MPa, permeability can decrease by 1-2 orders of 
magnitude for shales. This has consequences on pore radii and therefore on capillary pressure.  
Varying effective stress will certainly have an impact on the porosity-permeability relationship since 
porosity is usually determined under ambient conditions and will remain constant. 
7.5.3.2 Wettability 
For gas/brine usually a strongly water-wet system is considered with contact angles equal to or close to 
zero. This reduces Equation 2-1 to: 
7. Predicting capillarity of mudrocks 
191 | P a g e  
	_
¶  E            (7-46) 
with γ being the interfacial tension and r the pore throat radius. 
While no contact angle data for the non-CO2 gases considered in this study have been found in the 
literature, Table 7-4 summarizes published contact angle data for CO2. It is shown that most values range 
between 0 and 60 degree. Some authors measured much higher angles and even values higher than 90 
degree (Bikkina, 2011; Yang et al., 2007) for quartz and limestone have been reported. These are mixed-
wet values, indicating partial gas imbibition. There are several limitations to basically all datasets which are  
Table 7-4: Summary of measured CO2 contact angles on different substrates. Only single mineral systems 
have been found in the literature. In brackets cos(θ) which directly corrects Pc_entry in Equ. 1. 
 quartz calcite muscovite limestone silica 
surface 
advancing/ 
receding 
Espinoza and 
Santamarina, 
2010 
20-40 
(0.94-0.77) 
30-40 
(0.87-0.77) 
   a 
Shah et al., 2008   28-38 
(0.88-0.79) 
27-32 
(0.89-0.85) 
 a 
   62-80 
(0.5-0.17) 
33 
(0.84) 
 r 
Bikkina, 2011 46-91 
(0.69--
0.02) 
42-60 
(0.74-0.5) 
   a 
Yang et al., 2007    46-130 
(0.69--0.64) 
 r 
Tonnet et al., 
2010 
   30 
(0.87) 
 a/r 
Chiquet et al., 
2007a 
11-37 
(0.98-0.80) 
11-70 
(0.98-0.34) 
   a 
Kim et al., 2012     0-80 
(1-0.17) 
a 
(1) The short time scales of up to hours for the interaction between CO2, brine and the mineral surface. It is 
therefore not proven if the system was in chemical and thermodynamic equilibrium since mineral surfaces 
will start reacting with the fluid on time scales depending on the mineral itself (e.g. quartz much slower 
than limestone). This leads us to the second shortcoming where  
(2) Mainly single mineral systems have been considered which do not represent natural systems. The 
natural system in contact with carbonic acid and bulk CO2 is dynamic where mineral phases will dissolve 
and others will precipitate. There is no information on the impact on wettability. Related to this, another 
shortcoming appears where  
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(3) Usually clean, idealized systems are considered with perfect surfaces (no fractals), no impurities etc. 
This is also not representative for the subsurface and should be considered.  
Looking at this data and its implications for e.g. calculating CO2/brine contact angles from mercury/air it can 
be stated that potentially large errors can be involved when considering perfectly water-wet conditions. 
While the CO2 contact angles of >90 degree need to be confirmed a contact angle of 60 degree does not 
seem to be unusual, correcting calculated CO2 capillary entry pressures with a value of cos(θ)=0.5 in Equ. 1. 
Consequently this may reduce the maximum CO2 column height that can be contained by a caprock by a 
factor 2. 
7.6 Conclusions 
The critical capillary breakthrough pressure and permeability are the most important parameters in order 
to predict the effective sealing capacity of a lithology. In this study we compared 214 datasets containing 
the following parameters: permeability, porosity, mineralogy, capillary snap-off pressure, capillary 
breakthrough pressure and specific surface area. Measured permeabilities and capillary pressures were 
correlated to other petrophysical parameters. The validity of formulations to derive permeability were 
tested (Kozeny-Carman vs. Young and Aplin model) and MIP derived critical capillary pressures were 
compared to those determined under in-situ conditions on core plugs.  
In summary we can draw the following conclusions: 
• A fair correlation between MIP and comparable plug measurements was observed for 
entry/breakthrough pressures, however not for snap-off pressures on the imbibition path. 
• CH4 capillary snap-off pressure correlates well with permeability 
• The plug-derived capillary breakthrough pressure correlates well with brine permeability and 
mercury porosimetry capillary entry pressure  
• A trend was obtained for the ratio drainage/imbibition pressure vs. permeability, indicating that 
with decreasing permeability drainage versus imbibition Pc ratios increase. As a result, when 
capillary entry pressures occurs and two-phase flow is created over a low permeability formation, 
reservoir pressure (gas column height) needs to be reduced significantly to prevent this flow. 
• The conventionally used Kozeny-Carman equation cannot be applied for mudrocks, probably 
because the pore system, pore alignment, pore network connectivity and mineralogy are too 
complex. 
• Using the Yang-Aplin model to predict mudrock permeabilities from porosity and surface area data 
we find a fairly good correlation with deviations of up to one order of magnitude only. 
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8 The Significance of Caprock Sealing Integrity for CO2 Storage 
8.1 Introduction 
Geological storage of CO2 from fossil-fired power plants is intensely examined as an option for reducing 
anthropogenic emissions of greenhouse gases. Deep saline aquifers, depleted oil and gas fields and 
unminable coal seams are the primary targets for the underground disposal of supercritical CO2. One major 
concern of all CO2 storage options is the sealing efficiency of low-permeable sequences overlying potential 
storage reservoirs. The long-term integrity of these sealing layers (caprocks) is one prerequisite to keep the 
CO2 in place and avoid dissipative loss towards the atmosphere. The assessment of leakage risks and 
leakage rates, considering different potential mechanisms, is therefore an important issue for site approval 
and public acceptance (Pruess, 2008). 
Subsurface storage of CO2 is always associated with an excess pressure resulting from buoyancy forces and 
injection-related overpressure which constitutes the driving force for different transport processes. 
Pressure-driven volume flow (Darcy flow) through the caprock is commonly considered as the main risk 
scenario and can be envisaged to range in intensity over several orders of magnitude:  
rapid leakage by seal-breaching (mechanical failure) or damage of wells (corrosion of pipes and cements),  
seepage along existing open fault systems and fracture networks,  
leakage through the pore-space controlled by capillary forces and permeability (after capillary 
breakthrough pressure is exceeded). 
Another important topic that is still to be investigated thoroughly is the effect of CO2 and its reactivity on 
the mechanical stability of caprocks. Up to now only a few experimental results have been published 
(Angeli et al., 2009; Hangx et al., 2010b). 
This paper addresses aspects related to fluid transport through caprocks; capillary threshold pressure, 
effective permeability after threshold pressure is exceeded as well as diffusion through the water-filled 
pore space and adsorption. Since CO2 in aqueous solution reacts with the mineral phases it is important to 
consider rock/pore network alterations, especially for the sealing lithologies. 
8.2 CO2 diffusion 
Carbon dioxide leakage into and through caprocks may occur by molecular transport (diffusion) through the 
water-saturated pore system. Diffusion controls the rate of certain geochemical reactions that, in turn, may 
affect the petrophysical and mechanical properties of the sealing layers. Diffusion is considered of little 
relevance in terms of gas losses as discussed by (Busch et al., 2008). However this conclusion is based solely 
on the limited number of available data sets on CO2 diffusion through caprocks. More detailed research 
was done on molecular gas transport through caprocks focusing on hydrocarbon or nitrogen loss from 
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natural gas reservoirs (e.g. Krooss and Leythaeuser, 1988; Krooss and Leythaeuser, 1996; Krooss et al., 
1992a; Leythaeuser et al., 1980; Nelson and Simmons, 1995). It was concluded that, although diffusive 
leakage is a perpetual and ubiquitous process at the reservoir/caprock boundary significant losses of 
reservoir gas can only be expected on geological time scales of tens of millions of years. 
In one of the first studies related to CCS, Krooss et al., 2003 reported CO2 diffusion parameters of samples 
from different lithotypes (coal, cemented sandstones, shales). The results of this study indicated that shales 
are able to store significant amounts of CO2, dissolved either in formation waters, trapped by mineral 
reactions or sorbed to organic compounds or mineral surfaces. These findings triggered more detailed 
investigations of the CO2 sorption and diffusion behaviour of selected shale samples (Busch et al., 2008; 
Wollenweber et al., 2010). Effective diffusion coefficients of gases in the aqueous phase are in the order of 
10-8 to 10-9 m2/s. Diffusion in organic matter can be approximated from coal/gas research where diffusion 
coefficients of 10-10 to 10-13 m2/s have been reported. The studies noted above yielded effective diffusion 
coefficients in the order 10-10 to 10-12 m2/s for low permeable argillaceous rocks. A few studies have 
suggested that effective CO2 diffusion coefficients may change due to water/rock interactions (Busch et al., 
2008; Wollenweber et al., 2010). These changes are rather small within experimental time frames. 
Upscaling to CO2 storage times of hundreds to thousands of years is currently not possible. 
Disregarding alterations of the caprock due to diffusion-controlled reactions (reactive transport), the rate of 
propagation of a diffusion front of gas through the caprock can be estimated for different effective 
diffusion coefficients and the corresponding transport/leakage efficiency can be assessed based on bulk 
volume concentrations (amount of gas dissolved in pore water, sorbed to organic matter or mineral 
surfaces, or involved in mineral carbonation reactions) as discussed by Krooss et al Krooss et al., 1992a, b. 
Steady-state diffusive flux can be calculated by Fick’s first law of diffusion: 
x
C
DJ bulkeff ∆
∆
−=           (8-1) 
For a caprock of thickness l (m), a porosity , a CO2 concentration of Caqu in the pore water at the caprock-
reservoir boundary and assuming a concentration of zero at the top of the caprock the steady-state 
diffusive flux can be estimated by: 
l
C
DJ aqueff
⋅
=
φ
           (8-2) 
Thus, assuming an effective diffusion coefficient of 10-10 m2, the steady-state diffusive fluxes of CO2 through 
caprock layers (porosity 0.1) of 10, 100 and 1000 m with a base depth at 2000 m would be 1640, 164 and 
16.4 kg/m2/Ma, respectively. 
If the reservoir is initially free of CO2, the lag-time until steady-state diffusive flux is reached must also be 
taken into account.  
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Figure 8-1, adapted from (Krooss and Leythaeuser, 1996), shows the times required to reach 90% of the 
steady-state diffusive flux as a function of caprock thickness for different effective diffusion coefficients. For 
the worst-case scenario considered here (effective diffusion coefficient of 10-10 m2/s, caprock thickness of 
10 m) this lag-time is 0.1 Ma (Figure 8-1) indicating that diffusive losses through even thin caprock layers 
are negligible for CO2 storage operations. 
 
Figure 8-1. Time required to reach 90% of the steady-state value of diffusive gas flux across caprocks as a 
function of caprock thickness for effective diffusion coefficients from 10-12 to 10-10 m2/s. Diagram adapted 
from Krooss & Leythaeuser Krooss and Leythaeuser, 1996.  
8.3 CO2 sorption on clay mineral surfaces 
Gas adsorption on microporous material is a well-known phenomenon and a key factor for coalbed 
methane or shale gas production. Many studies have correlated methane sorption capacities with organic 
matter content (total organic carbon, TOC) and usually a good fit can be found that extrapolates to zero 
(i.e. no organic matter, no methane sorption capacity). This means that for methane only insignificant 
adsorption on clay mineral surfaces can be expected. Recent studies have shown that this may be different 
for CO2. CO2 adsorption capacities on single clay minerals and shale samples have been found (Busch et al., 
2008; Weniger et al., 2010; Wollenweber et al., 2010) to be of the same order as those measured on coals.  
Still unknown are the exact mechanisms of CO2 sorption on clay minerals and the potential implications for 
CO2 storage safety. First, this may reduce the risk of CO2 leakage given the large measured sorption 
potential of up to 1 mmol/g sample (44 mg/g; Muderong shale, Busch et al., 2008). It is well known from 
coal gas research that CO2 sorption on coal causes swelling leading to reduced permeabilities. However this 
swelling might cause micro-cracking of the coal or, in this case, of the caprock formation. These effects 
(sorption mechanisms, possibility of clay mineral swelling, potential implications of swelling on sealing 
integrity) should be the focus of future research. Furthermore, the relation between chemical 
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clay/CO2/brine interactions (e.g. dissolution) and sorption should be studied. It is expected that both 
mechanisms should compete with each other. 
Second, it can be stated that CO2 sorption on clays might immobilize injected CO2 in the reservoir, 
particularly in “dirty” reservoirs with high clay contents. The extent of this is however not quantifiable at 
this stage of research. From the knowledge gained so far, adsorption kinetics are relatively fast for 
dispersed clays (i.e. where gas diffusion through shale is not the ratedetermining factor for CO2 sorption), 
which might provide a sink for CO2 in the short term, especially compared to long-term effects like mineral 
carbonation reactions.  
8.4 Capillary entry pressure and capillary leakage 
Generally, migration through the water-saturated porous network of a caprock may occur when the CO2 
fluid pressure in the reservoir exceeds the capillary entry pressure (Hildenbrand et al., 2004a). This holds 
for the inter-granular pore space but also for water-filled (micro–) fracture systems. At pressures above the 
so-called breakthrough (threshold) pressure, at which a continuous flow of the non-wetting fluid forms 
across the pore system, CO2 can escape from the upper boundary of the sealing formation (Hildenbrand et 
al., 2004a; Hildenbrand et al., 2002; Li et al., 2005). 
The capillary entry or threshold pressure Pc (pressure difference ∆P needed to displace water in the pore 
system) of caprocks depends on capillary forces in the rock matrix, i.e. on the pore throat radius r, the 
water/brine interfacial tension γ and the brine /mineral/CO2wetting (contact) angle θ: 
r
PPc
θγ cos2
=∆=           (8-3) 
Measurements of the capillary breakthrough pressure of low permeable rocks have initially been 
performed for the characterisation of hydrocarbon reservoirs or (nuclear) waste disposals (Gallé, 2000; 
Pusch, 1985; Schlömer and Krooss, 1997). In recent years research focus shifted more to the 
characterisation of CO2 storage reservoirs and their sealing lithologies (Al-Bazali et al., 2005; Angeli et al., 
2009; Hildenbrand et al., 2004a; Hildenbrand et al., 2002; Li et al., 2006).  
In this context a crucial parameter for the characterisation of the sealing efficiency is the CO2/brine 
interfacial tension (IFT). Correlations of pressure and temperature with IFT and wetting angle and their 
effect on CO2 storage capacities have been investigated by various authors (Bachu and Bennion, 2009; 
Chalbaud et al., 2007; Chalbaud et al., 2009; Chiquet et al., 2007a; Chiquet et al., 2007b; Yang et al., 2005. 
Shah et al., 2008 demonstrated that the water-wettability of caprocks can vary depending on the non-
wetting gas (CO2 or H2S) and the mineral substance of the solid phase. 
It is generally assumed that gas is the non-wetting phase where cos equals 1. However, a recent study 
(Chiquet et al., 2007a) has shown that this value decreases with an increase in fluid pressure and values as 
low as 0.5 for mica and 0.9 for quartz have been reported. These findings have not been verified by other 
8. The Significance of Caprock Sealing Integrity for CO2 Storage 
197 | P a g e  
authors and additional studies on this topic might be required since low cosθ values directly reduce 
threshold pressures. 
8.4.1 Capillary threshold pressure from mercury porosimetry data 
Generally the simplest and fastest approach to estimate in-situ threshold pressure (Pc) values is achieved by 
mercury injection porosimetry (MIP), and combining the results with appropriate values of the IFT and the 
contact angle for the fluid/rock system under investigation (Egermann et al., 2006). In the oil industry Pc 
and related gas column heights are usually calculated assuming a completely water-wet system where 
contact angles are 0 degrees. Also, interfacial tensions are assumed to be constant (e.g. 25 mN m-1, e.g. 
Dula and Younes, 2004) and independent of fluid type, fluid PVT and reservoir depth. Primary drainage 
capillary pressures are usually determined by mercury porosimetry measurements and re-calculated from 
Hg/air to hydrocarbon/brine (or in this case CO2/brine) systems using contact angle and interfacial data 
according to the following equation: 
airHgairHg
brineCObrineCO
airHgcbrineCOc PP
//
/2/2
/_/2_
cos
cos
θγ
θγ
⋅
⋅
⋅=         (8-4) 
Accordingly, maximum hydrocarbon column heights (hmax) can be calculated accounting for the buoyancy 
due to the density difference between brine and hydrocarbon phase: 
( ) airHgairHg
brineCObrineCO
CObrine
airHgcPh
//
/2/2
2
/_
max
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cos
θγ
θγ
ρρ ⋅
⋅
⋅
−
=        (8-5) 
Here, ρbrine and ρCO2 are the average fluid densities at the given reservoir conditions. 
Egermann et al., 2006 point out that the preparation procedure for drying the caprock material will alter 
the pore structure. In this context Dewhurst et al., 2002a compared several preparation procedures: 
• air drying under laboratory temperature conditions (20-25ºC), removing the pore fluids though not 
all of the interlayer water 
• freeze drying in liquid nitrogen followed by a transfer to vacuum freeze drying in order to sublimate 
the solid ice without rock fabric alteration 
• vacuum drying of wet shale in a vacuum desiccator. 
It could be demonstrated that Pc is not significantly affected by the drying method when well-hardened 
caprocks are studied. For lesser mature shales, especially for smectite-rich mudstones with large interlayer 
water volumes, accuracy and data consistency are improved significantly by the freeze-drying method 
because it preserves the pore structure (Dewhurst et al., 2002a). In a similar study, Matenaar, 2002 
concluded that only fresh sample material having in-situ water content should be used for MIP. Freeze-
drying effectively preserves the pore space and fabric of soft clays and that oven-drying in comparison to 
freeze-drying will result in a significant reduction of the pore space and, hence in a significant decrease in 
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mean entrance pore radii. Another disadvantage of the mercury porosimetry approach is that 
measurements are usually performed under unconfined pressure conditions. It is well known that 
petrophysical properties of mudstones strongly depend on applied stress. Furthermore, due to the 
omnidirectional intrusion of mercury into rock fragments during MIP, no information is obtained on the 
anisotropy of the transport pore system. 
In conclusion “all these limitations make mercury porosimetry a rather inaccurate approach and only 
adequate as a screening method when no other data under in-situ conditions are available” (Egermann et 
al., 2006). Besides the experimental limitations, mercury porosimetry data should be used for carbon 
dioxide with great caution, because CO2 interfacial tensions and contact angles change with pressure, 
temperature and brine salinity. IFT and contact angle should not be taken as a constant to re-calculate 
threshold pressures and hence gas column heights from mercury porosimetry data. 
As indicated in the literature, different IFT values for the CO2/brine system vary depending on pressure, 
temperature and brine salinity (Bennion and Bachu, 2006; Chiquet et al., 2007b; Li et al., 2005). Studies by 
Chiquet et al. (Chiquet, 2005; Chiquet et al., 2007b) have shown that the CO2 contact angle is not a 
universal value and that it diverges from 180 degree for different brine salinities and pressures, as opposed 
to the general assumption that θ=0, i.e. cosθ=1. 
Figure 8-2 shows a comparison of maximum CO2 column heights using different IFT values from the 
literature. Calculated column heights vary between 202 and 264 m, corresponding to a difference of 23 % in 
free gas CO2 storage volumes. Taking into account the range of cos values reported in the literature (0.5 to 
1) an additional uncertainty of 50 % arises in maximum capillary threshold pressure (or CO2 column height) 
and, in consequence, maximum free gas CO2 storage potential. The latter uncertainty could even be higher 
assuming an anticlinal structure where reservoir area increases with depth. Therefore, it is important to 
have consistent and reliable wetting data for CO2 storage safety and storage potential in naturally 
pressured reservoirs, such as saline aquifers. 
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Figure 8-2: Calculated maximum CO2 column heights using different IFT values and constant cos and pore 
radius values for a CO2 storage reservoir at 1200 m depth corresponding to about 12 MPa hydrostatic 
pressure and 50 °C. The various literature values (partly from interpolation between different measured 
data points) were taken from Bachu and Bennion, 2009; Chiquet et al., 2007b; Chun and Wilkinson, 1995; 
Hebach et al., 2002; Kvamme et al., 2007. 
8.4.2 Direct methods to determine capillary threshold pressures 
Various methods are available to directly determine capillary threshold pressures on caprocks under in-situ 
stress and temperature conditions. A comprehensive overview of the various methods is given by 
Egermann et al., 2006. A comprehensive set of experimental data has been published by Hildenbrand et al., 
2004a. It provides more than 50 data sets for rock-specific parameters, capillary threshold pressures and 
effective permeabilities to gas after capillary breakthrough occurred. In general, they found that threshold 
pressures increase in the order CO2 < CH4 < N2 and are negatively correlated with effective permeabilities to 
gas for all three gas species. The reported values for threshold pressures vary between 0.1 and 10 MPa, 
with maximum effective permeabilities to gas ranging between ~10-18 and 10-24 m2 (1000 to 0.001 nD). 
To exemplify the effects of these permeability values in terms of leakage rates an attempt has been made 
to calculate the timing of CO2 breakthrough after capillary threshold pressure is exceeded. For this 
calculation Darcy’s law for compressible media has been used according to Hildenbrand et al., 2004a: 
<   P∙∙E)∙JP¼∙ZJPPJTP[∙
           (8-6) 
In the calculations we assume a reservoir/caprock interface at 2000 m depth with overlying caprock 
sequences of 10, 100 and 1000 m thickness. Gas viscosities were calculated for mean pressures and 
temperatures between top and bottom of the caprock. The temperature at the bottom of the caprock was 
assumed to be 70 °C and pressures were assumed to be overpressured by 2 MPa (a total of 22 MPa at the 
interface) to initiated capillary entry. Transport porosity in the caprock was taken as 1 %. For the range of 
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effective permeabilities defined above, the following diagram was created in analogy to the one for 
diffusive leakage, showing the time of gas breakthrough at the top boundary of the caprock formation 
(Figure 8-3). It is shown that for relatively high-permeable and thin caprocks CO2 breakthrough occurs 
within weeks while hundreds to thousands of years are required for medium to low-permeability caprocks 
and more realistic thicknesses of 100 m. This is in accordance with an earlier study using a similar attempt 
for pressure seals (Deming, 1994). 
 
Figure 8-3: Plot showing timing of gas breakthrough after CO2 threshold pressure is exceeded for varying 
caprock thickness and effective permeability coefficients. 
8.5 Fault leakage 
Faults and joints are commonly considered as potential leakage pathways with high CO2 flux rates out of 
the reservoir, thus compromising storage integrity. Such rates are impossible or at least very difficult to 
determine in laboratory tests. Values obtained from natural CO2 analogues can be used to obtain order-of-
magnitude estimates for such leakage. These numbers have been determined for a variety of natural CO2 
fields in the world and are summarized in Table 8-1. Rates are given in tons per year per square meter. In 
general, they cover a range from 10-4 to 102 t/yr/m2 and should be used with caution when applying them 
to potential fault leakage in CO2 storage operations, as these numbers represent the flux measured at the 
surface, disregarding potential losses between the reservoir and the surface. Such losses could be via 
carbonation reactions, dissolution in aquifer brines and/or partial transport via fault conduits to a location 
not covered in the surface flux measurements. In summary, these values are most likely at the low end and 
therefore (for determining CO2 leakage) optimistic. 
As pointed out by Streit and Watson, 2004, rates determined for shallow geothermal sources (Latera, Maria 
Laach in Germany) are not representative for CO2 storage since they do not represent deep storage sites 
with realistic seals. Also the Matraderesce area, Hungary is not considered as a good example because CO2 
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leakage occurs through a highly weathered, highly fractured andesite. For the remaining areas a range of 
0.0003 and 0.04 t/yr/m2 for permeable zones and 0.006 and 0.3 t/yr/m2 for fault leakage seem to be 
realistic numbers. It should be noted that leakage to the surface is likely to occur with a delay due to the 
length of the migration path for deep reservoirs (Streit and Watson, 2004). 
Table 8-1: Fault leakage rates from worldwide natural CO2 analogues (Streit and Watson, 2004). For better 
comparison leakage rates reported by different authors were converted to the same units. The following 
conversions were used: 1 ton CO2 = 556.2 Std.m
3; 1 L CO2 = 1.861 g at normal conditions (1 atmosphere, 
0°C). 
Analogue site  CO2 leakage rate 
(t/yr/m2) 
Leakage mechanism 
Matraderesce, Hungary  6.4 fault 
Matraderesce, Hungary  0.2 average flow in area 
Little Grand Wash Fault, Colorado  0.3 fault 
Little Grand Wash Fault, Colorado  0.04 average flow in area 
Crystal Geyser, Colorado  0.4 fault 
Latera, Italy  80 fault 
Pine Lodge, Otway Basin, AUS  0.02 fault 
Pine Lodge, Otway Basin, AUS 0.01 permeable zone 
Penola, Otway Basin, AUS  0.006 fault 
Maria Laach, volcanic crater, GER 0.2 fault 
Maria Laach, volcanic crater, GER 0.0003 permeable zone 
8.6 CO2-water-rock interactions affecting caprock sealing capacity 
CO2-water-rock interaction can affect the sealing efficiency of caprocks in various ways. The most obvious 
of these is the effect of dissolution/precipitation processes on matrix permeability. Data from experimental 
research show that such alterations are very slow. Their effects are therefore hard to quantify, within the 
time span of typical lab experiments (Busch et al., 2008; Wollenweber et al., 2010). Studies of natural 
analogues confirmed the slow kinetics and generally low impact on seal matrix transport properties (Lu et 
al., 2009). This is mainly due to the low Darcy flow and diffusion rates in such lithologies, which limit the 
mass transport required for substantial alteration. 
Experimental data on the effect of CO2-water-rock interactions on fault leakage are scarce to non-existent 
at present. Studies from analogues exist but could not yet establish whether the effects of the interactions 
on leakage rates are in general beneficial or rather disadvantageous.  
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The impact of water-rock interactions on mineral surface properties is an almost virginal field of research. 
This is nonetheless highly relevant for the assessment of sealing capacity. Surface properties are, besides 
the pore radius distribution, the main rock property determining capillary entry. Some authors report 
contact angles between mineral surfaces and CO2 lower than 180°, and decreasing with time (Chiquet et al., 
2007a). Also direct measurements on sample plugs suggest that capillary entry pressure might change with 
time as the sample is exposed to CO2 (Wollenweber et al., 2010). Besides this effect on capillary entry 
pressure, also sorption is to a major extent determined by mineral surface properties.  
Alteration of the surface properties of minerals in caprocks is considered more likely than alteration of 
conventional transport properties, because minor mineral dissolution reactions can have a major impact on 
the former while they have no significant effect on the latter. Such alterations therefore deserve a lot more 
attention by the research community. 
8.7 Conclusions 
The main CO2 leakage mechanisms have been addressed in this paper, focusing on loss of caprock integrity. 
Leakage by diffusion is not considered of concern and rather can be envisioned to be the rate-determining 
mechanism for mineral reactions. However, laboratory data available so far indicate increasing effective 
CO2 diffusion coefficients with increasing time of interaction with the caprock. 
Capillary leakage can be significant in terms of flow rate after capillary entry pressure is exceeded. This 
might not be significant for depleted oil and gas reservoirs where reservoir pressurization after CO2 
injection should be below the original reservoir pressure. However for saline aquifers this might become an 
important factor and direct determination of the capillary threshold pressure on caprock samples under 
stress is the preferred measurement rather than mercury porosimetry with subsequent conversion from 
Hg/air to CO2/brine system. 
CO2 sorption on clay mineral surfaces and its implication for caprock sealing efficiency has been reported 
recently and further investigation is needed to better understand mechanisms and implications on seal 
integrity. Potential clay mineral swelling, if proven to occur, may either increase or impair the seal capacity. 
Information on fault leakage can only be obtained to a limited extent from lab measurements and should 
be derived from natural CO2 analogues. It should however be stressed that many data are not 
representative for a real-case CO2 storage scenario and that fluxes measured at the surface represent only 
the lower limits of CO2 amounts escaped from the reservoir. 
Many aspects still need to be addressed in more detail in order to better estimate leakage risks for CO2 
storage: 
• alteration of wetting behavior at the caprock/reservoir interface by geochemical reactions or 
changing interfacial tension or wetting angles 
• consistency of available datasets on CO2 interfacial tension and wetting angle 
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• increase of effective permeability to gas due to CO2/brine/rock interactions after capillary threshold 
pressure is exceeded 
• drying-out (desiccation) of caprocks (removal of pore water and clay interlayer water) at the 
caprock interface that might lead to decreasing capillary threshold pressures 
• CO2 sorption on clay minerals, potential swelling and its implications as well as sorption versus 
reactivity of the clay minerals 
• fault leakage: escape from the reservoir and potential loss of CO2 in the overburden between the 
reservoir and the surface. 
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9 Experimental investigation of the CO2 sealing efficiency of caprocks 
9.1 Introduction 
Presently, the geological storage of CO2 from fossil-fired power plants is intensely examined as an option 
for reducing anthropogenic emissions of greenhouse gases. Deep saline aquifers, depleted oil and gas fields 
and unminable coal seams are the primary targets for the underground disposal of supercritical CO2 (IPCC, 
2005). One major concern of all CO2 storage options is the investigation of the sealing efficiency of low-
permeable sequences overlying potential storage reservoirs. The long-term integrity of these seal layers 
(caprocks) is one prerequisite to keep the CO2 in place and avoid dissipative loss towards the atmosphere. 
The assessment of leakage risks and leakage rates, under the consideration of different potential 
mechanisms, is therefore an important issue for site approval and public acceptance (e.g. Pruess, 2008). 
Subsurface storage of CO2 is always associated with an excess pressure resulting from buoyancy forces and 
injection-related overpressure which constitutes the driving force for different transport processes. 
Pressure-driven volume flow (Darcy flow) through the caprock is commonly considered as the main risk 
scenario and can be envisaged to range in intensity over several orders of magnitude:  
rapid (“catastrophic”) leakage by seal-breaching (mechanical failure) or damage of well casing (corrosion of 
pipes and cements),  
seepage along existing open fault systems and fracture networks,  
leakage through the pore-space controlled by capillary forces and permeability (after capillary 
breakthrough pressure is exceeded). 
Generally, migration through the water-saturated pore network of a caprock may occur when the CO2 fluid 
pressure in the reservoir exceeds the capillary entry pressure (e.g. Hildenbrand et al., 2002). This holds for 
the inter-granular pore space but also for water-filled (micro-)fracture systems. At pressures above the so 
called breakthrough (threshold) pressure, at which a continuous flow path of the non-wetting fluid forms 
across the pore system, CO2 can escape from the upper top of the caprock sequence (e.g. Al-Bazali et al., 
2005; Hildenbrand et al., 2002; Li et al., 2005). 
The capillary sealing capacity of caprocks depends on capillary forces in the rock matrix, i.e. on the pore 
throat radius r, the interfacial tension between the caprock surface and the fluid γ (water/brine) and the 
wetting (contact) angle θ (equation 1). 
r
P θγ cos2−=∆            (9-1) 
Measurements of the capillary breakthrough pressure of low permeable rocks have initially been 
performed for the characterisation of hydrocarbon reservoirs or (nuclear) waste disposals (e.g. Berg, 1975; 
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Gallé, 2000; Pusch, 1985; Schlömer and Krooss, 1997; Schowalter, 1979b). In recent years the focus of 
research shifted more to the characterisation of CO2 storage reservoirs and their sealing lithologies (e.g. Al-
Bazali et al., 2005; Angeli et al., 2009; Bachu and Bennion, 2008; Hildenbrand et al., 2004a; Hildenbrand et 
al., 2002; Li et al., 2005).  
An additional crucial parameter for the characterisation of the sealing quality is the interfacial tension (IFT) 
between the rock and the fluid. Chiquet et al., 2007a state that the maximum allowable CO2 storage 
pressure may be only a fraction of the initial reservoir pressure. Correlations of pressure and temperature 
with interfacial tension and wetting angle and their effect on CO2 storage capacities have been investigated 
by Yang et al., 2005, Chalbaud et al., 2010; Chalbaud et al., 2009 Chiquet et al., 2007a; Chiquet et al., 
2007b. In addition Shah et al., 2008 demonstrated that the water-wettability of caprocks can vary 
depending on the non-wetting gas (CO2 or H2S) and the mineral substance of the solid phase. 
Bennion and Bachu, 2008 were the first who provide relative permeability values for CO2/brine- (and 
H2S/brine-) systems for both, the drainage and the imbibition path for the same caprock samples 
investigated in their earlier works (e.g. Bachu and Bennion, 2008). 
Carbon dioxide leakage into and through caprocks may also occur by molecular transport (diffusion) 
through the water-saturated pore system. This mechanism is considered of little relevance in terms of gas 
losses as discussed by Busch et al., 2008. It may, however, control the rate of geochemical reactions that, in 
turn, may affect the petrophysical and mechanical properties of the seal layers. Therefore, the 
characterisation of caprock alterations caused by chemical reactions and mineral transformations has 
recently encountered increasing interest. Some fundamental laboratory investigations on mineral 
transformations in CO2 storage reservoirs (e.g. Bertier et al., 2006; Hangx and Spiers, 2009; Kaszuba, 2003; 
Kaszuba, 2005; Kharaka et al., 2006; Wigand et al., 2008) have shown that mineral alterations (e.g. 
formation/dissolution of carbonates) are caused by the formation of bicarbonate and a pH drop during CO2 
injection. The impact of these changes on porosity and permeability in reservoirs and seals has been 
addressed in a few studies (e.g.; Busch et al., 2008; Hangx and Spiers, 2009) but still remains to be explored 
in more detail. 
Another important topic what is still to be investigated intensively is the effect of CO2 and its reactivity on 
the mechanical stability of caprocks. Up to now only a few experimental results has been published (e.g. 
Angeli et al., 2009). 
Numerical modeling studies on CO2 underground storage are not addressed in this contribution, but an 
excellent review on the history and current state of reactive transport modeling is presented in Steefel et 
al., 2005. Gaus et al., 2008 recently published a comprehensive review of reactive transport modeling 
applied to the sequestration of CO2.  
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In this contribution we report results of the experimental investigation of the seal properties of two 
regional caprock samples from the Münster Cretaceous Basin, NW-Germany using a combination of i) 
capillary breakthrough tests, ii) diffusion experiments, iii) sorption measurements iv) mineralogical 
characterisation. The main purpose, besides characterising the CO2 sealing efficiency of these rocks was to 
test for changes in fluid flow properties (effective diffusion coefficient, capillary breakthrough pressure, 
absolute/effective permeability) due to multiple interactions with CO2 on the same sample. These 
measurements were combined with additional investigations on the mineral alteration and the CO2 
sorption capacity of the rock matrix. 
The Münsterland Basin is an expanded synclinal basin structure in western Germany containing thick 
sedimentary sequences including potential storage formations for underground CO2 storage showing an 
east-west expansion of 150 km and a north-south expansion of 80 km. With a thickness up to 2000 m the 
Upper Cretaceous strata form the top seal in the synclinal structure. It can be divided into a Cenomanian-
Turonian-Complex accommodating brine aquifers and an upper Coniacian-Santonian-Complex (Emscher 
Marl Formation). Deeply buried Carboniferous strata with interbedded hard coal seams represent the 
bottom sequence of the basin. For further details see e.g. Kronimus et al., 2008. 
9.2 Samples 
In order to compare the CO2 sealing efficiency of near-surface and deeply buried sequences of the Upper 
Cretaceous caprock sequence of the Münsterland Basin, two samples from different depths have been 
selected for this study. The petrophysical and mineralogical properties of the samples are summarised in  
 
Table 9-1. The first sample (05-960; 128 m depth) is of Upper Coniacian age and represents the clay-rich 
Emscher Marl formation. The sample is a grey marlstone. Quantitative X-ray diffraction analysis (Rietveld 
method) revealed a calcite content of ~40 % with some additional anorthite, smectite and quartz. Mercury 
porosity measurements yielded a porosity of 15 % and a grain density of 2.5 g/cm³ (bulk density ~2.1 
g/cm³). 
The second sample (06-565) originates from a depth of 813 m and represents the top sequence of the 
Cenomanian lithology. The blue coloured limestone is dominated by calcite (~90 %) with some smaller 
amounts of quartz and anhydrite. This sample has a porosity of 6 %, a grain density of 2.7 and a bulk 
density of 2.6 g/cm³.  
Hg injection porosimetry indicated very low median pore diameters of 66 and 30 nm (10-9 m), while BET 
measurements yielded SSA values of 21.1 and 3.8 m2/g for the 05-960 and 05-565 sample, respectively. 
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Table 9-1. Properties and mineralogy of marl and calcite samples determined by mercury porosimetry, BET, 
TOC and XRD analysis 
Property 05-960 06-565 
Grain Density (g/cm³) 2.5 2.7 
Bulk Density (g/cm³) 2.1 2.6 
Porosity (-) 0.15 0.06 
Average Pore Diameter (nm) 66 30 
Specific Surface Area (m²/g) 21.1 3.8 
Total Organic Carbon (%) 0.38 0.20 
Mineral composition Content (g/g) 
 initial 
after CO2 
breakthr. 
after CO2 diffusion 
test 
initial 
after CO2 
breakthr. 
Calcite 0.40 0.44 0.56 0.91 0.93 
Mica/Illite 0.06 0.05 0.03 -  
Kaolinite 0.01 - - -  
Quartz 0.14 0.17 0.18 0.08 0.07 
Anorthite 0.14 0.12 0.01 -  
Orthoclase 0.03 0.02 0.02 -  
Anhydrite - - - 0.01 <0.01 
Smectite 0.22 0.18 0.20 -  
9.3 Experimental 
Fluid flow experiments performed in this study comprise single-phase (water) permeability measurements, 
gas breakthrough tests with CO2 and Helium (He) as well as CO2 diffusion tests. They were conducted in 
triaxial flow cells constructed for confining pressures and axial loads of up to 50 MPa (e.g. Hildenbrand et 
al., 2002; Schlömer and Krooss, 2004). The measuring temperature was 21- 45°C. Figure 9-1 shows the 
constituents of the flow cell and the sample arrangement. Cylindrical rock sample plugs with a diameter of 
28.5 mm and a length of ~10 mm were used. The plugs were positioned between two porous stainless steel 
disks and two stainless steel pistons equipped with conduits for fluid introduction and removal. A double-
layered sleeve ensures a diffusion-tight seal around the sample plug (Figure 9-1). The inner coating consists 
of lead (Pb) foil (0.25 mm) and the outer layer of a thin-walled copper (Cu) tube. In order to guarantee 
absolute sealing of the sample cell a confining pressure of 40 MPa is applied to the sleeve for several hours 
prior starting the experiment. Generally, the confining pressure was chosen at least 10 MPa higher than the 
pore fluid pressure. The efficiency of the sealing system has been established in several studies, performing 
gas diffusion (Schlömer and Krooss, 1997) and gas breakthrough tests (Hildenbrand et al., 2004a; 
Hildenbrand et al., 2002). 
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Figure 9-1. Schematic diagram of the triaxial flow cell used for gas breakthrough and diffusion experiments. 
9.3.1 Single phase flow experiments 
Prior to each gas breakthrough and diffusion experiment single-phase flow tests with water were 
performed to determine absolute permeabilities using a steady-state approach. Experiments were 
conducted by applying a constant fluid pressure (3-6 MPa) at the upstream (high-pressure) side and 
measuring the outflow volume on the downstream (low-pressure) side in a micro pipette (against 
atmosphere) as a function of time (Figure 9-2b). With the exact diameter and length of the sample plug, the 
pressure gradient over the sample and the viscosity of the fluid known, absolute permeability coefficients 
(kabs) of the rock sample were calculated according to Darcy`s law: 
P
xQkabs ∆
∆
⋅⋅−= η           (9-2) 
where Q [m³/m²/s] denotes the volume flux, η [Pa ⋅ s] is the dynamic viscosity of the pore fluid and dx/dp is 
the pore pressure gradient. 
Normal tap water was used as fluid phase. Complete water saturation of the conducting pore system was 
assumed when the fluid flow on the downstream side became constant. 
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Figure 9-2. Experimental set-up for gas breakthrough (a) and single phase permeability tests (b). 
9.3.2 Gas breakthrough experiments 
9.3.2.1 Minimum capillary entry pressure 
Gas breakthrough tests in this study were performed according to the procedure described by Hildenbrand 
et al. (2002, 2004) on totally water-saturated samples (Figure 9-2a). The upstream volume of the flow cell is 
charged with CO2 at a pressure that is higher than the expected capillary entry pressure of the sample. The 
pressures in the two compartments and the temperature of the cell are monitored continuously 
throughout the experiment. The gas fluxes out of the upstream compartment and into the downstream 
compartment can be determined from the pressure changes over time. For the evaluation of the 
experimental data the volumes of both compartments have to be known precisely. They are determined by 
a gas expansion test using Boyle’s law prior to each experiment. Length and cross section area of the rock 
sample are determined before assembling the measuring cell. 
Generally the experiments can be divided into three phases: 
(i) During the initial phase of the gas breakthrough experiments a significant pressure decline occurs in the 
high-pressure compartment while the pressure in the low-pressure compartment increases only 
insignificantly (Figure 9-3). 
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Figure 9-3. Results of a gas breakthrough test (3rd CO2 breakthrough, sample 05-960) 
This phenomenon can be explained by the displacement of residual water from the porous stainless steel 
disc through the shale plugs as shown schematically in Figure 9-1. The concomitant increase in gas phase 
volume in the high pressure compartment results in a (comparatively strong) pressure decline in the 
upstream reservoir. The water volume, which was displaced from the upstream reservoir, enters the 
downstream reservoir where it reduces the free gas volume. Because the downstream reservoir is at a 
lower pressure level, the decrease of free gas-volume will result in a relatively small pressure increase in 
this compartment during this initial phase of the experiment as observed in e.g. Figure 9-8. 
 
Figure 9-4. Illustration showing the water displacement across the sample during the initial phase of gas 
breakthrough experiments.  
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The pressure data recorded during this displacement process can be used to estimate the single phase 
water permeability of the clay sample.  
(ii) When the gas/water interface reaches the face of the fine-grained clay sample plug gas may enter the 
sample. This obviously changes the slope of the pressure decline curve recorded in the upstream reservoir. 
Here two different scenarios are conceivable:  
1. If the capillary entry pressure is not exceeded, the slope of the pressure decline curve will decrease to 
nearly zero (no further pressure decrease), because capillary forces prevent pressure-driven fluid transport 
across the clay sample. This does not hold for diffusive transport (third phase of the experiment) which will 
continue due to the gas concentration gradient across the sample. 
2. If the gas pressure is higher than the capillary entry pressure, gas breakthrough will occur and result in a 
further pressure decrease in the upstream compartment and a simultaneous rapid increase in gas pressure 
in the downstream compartment (e.g. Figure 9-5). Pressure equilibration (decline in capillary pressure, re-
imbibition of water) between the upstream and the downstream compartment will continue until water 
shuts off the interconnected pore system and the final capillary pressure difference (Δp) is reached. 
(iii) After all gas saturated pathways are disconnected by the imbibing water again or gas breakthrough 
pressure has not been reached, because initial pressure was chosen too low in phase two, only diffusive 
transport across the sample occurs. 
Evaluation functions were derived for Helium breakthrough tests to analyse the experimental pressure 
decline curves in the upstream compartment during the initial water-displacement phase (single-phase 
Darcy flow). The evaluation explicitly takes into account the decrease in downstream volume and predicts 
the concomitant downstream pressure increase.  
In order to investigate rock alterations caused by multiple CO2 treatments repetitive gas breakthrough 
experiments were conducted in this study. Before the first experiment and between successive 
experiments, complete water-saturation of the samples was established by single-phase water (intrinsic or 
absolute) permeability tests until steady-state flow was reached.  
9.3.2.2 Effective Permeability 
In general, the effective permeability to each fluid is a function of its saturation in the pore system. At 100% 
single phase fluid (gas or water) saturation the effective permeability equals the absolute permeability. The 
ratio of effective and absolute permeability is denoted as the relative permeability. 
In this study only the effective permeability to the non-wetting fluid (gas) is calculated as a function of 
capillary pressure. During gas breakthrough experiments the gas penetrates the previously water-saturated 
rock sample and, a continuous gas flux will emerge from the high pressure side towards the low pressure 
side until a constant residual pressure is reached. During the experiment the effective gas permeability (keff) 
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of the sample decreases because water is re-imbibed into the pore system and continuously reduces the 
flow-paths of the gas until the last interconnected pore channel is blocked and the pressure gradient 
remains constant. The effective permeability (keff) is calculated from the pressure change in the 
downstream compartment using Darcy’s law for compressible media: 
<   P∙½∙E∆)¼"JPPJTP&
JP

           (9-3) 
where V2 [m³] is the volume of the downstream compartment, A [m²] is the cross section area, η [Pa s] is 
the dynamic viscosity of the gas, and ∆x [m] is the length of the sample. P1 denotes the pressure at the 
upstream, P2 the pressure at the downstream side. 
9.3.3 Diffusion experiments 
For CO2 diffusion measurements the same sample cell as for the permeability and the gas breakthrough 
tests is used (Figure 9-1). An additional setup is connected to the flow cells for fluid sampling and on-line 
analysis of the gas. The diffusion experiment is initiated by injecting CO2 into the bottom chamber of the 
flow cell. A communicating tubing system ensures the absence of a pressure gradient between both 
compartments. The CO2 that has diffused through the water-saturated sample plug is collected in the top 
compartment of the cell in time intervals of 1-2 hours and is then transferred to the sampling system. The 
CO2 is stripped from the water phase in a purge vessel by a helium stream and is captured in a molecular 
sieve trap. An additional step mobilises the trapped carbon dioxide thermally which is then transferred to 
the gas chromatograph (GC) for quantification with a thermal conductivity detector (TCD). The gas 
quantities are recorded as a function of time and used to calculate diffusion coefficients and the 
equilibrium bulk CO2 rock concentrations within the sample plug. This has been done at 28°C and an 
effective fluid pressure of ~5 MPa. 
The experimental data represent the cumulative amount of CO2 (Q, mmol/m²) diffused through the unit 
cross section area of the cylindrical sample plug as a function of elapsed time t (in hours) (Figure 9-9). The 
slopes of the tangents to the curves represent the steady state diffusion flux. Using the lag time t0 and Q0 
the effective diffusion coefficient Deff (m²/s) and the CO2 concentration C1 (mmol CO2/m³ rock) can be 
calculated according to the procedure described by Krooss and Schaefer, 1987a. Here, the C1-value denotes 
the bulk volume concentration of CO2 remaining in the rock after steady-state flux across the sample has 
been reached. 
Detailed information of the diffusion experiments and their evaluation are provided in Schlömer and 
Krooss, 2004.  
9.3.4 Sorption Experiments 
High-pressure (up to 20 MPa) sorption experiments are used to determine gas sorption capacities (sorption 
isotherms) of powdered caprock sample material as a function of pressure by a manometric method.  
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The experimental device is placed in an air bath ensuring a constant temperature (±0.1°C) throughout the 
experiments. Single-gas sorption experiments in this study were performed at 50°C. At this temperature 
CO2 is either in the gaseous or, at pressures above the critical pressure, in the supercritical state (Tc: 30.95 
°C; Pc 7.38 MPa). 
A detailed description of the procedure has been given previously (Busch et al., 2003a, 2007; Busch et al., 
2004a; Krooss et al., 2002; Siemons and Busch, 2007). The evaluation of the experimental data yields excess 
sorption (Gibbs sorption) isotherms. Here the observed reduction in gas pressure resulting from gas 
sorption is compared to the theoretical “non-sorption” case. The volume changes due to the increasing 
amount of adsorbed phase with pressure are not considered in this evaluation. 
9.3.5 Mineralogical and petrophysical characterisation 
The mineral phase composition of the powdered samples was analysed by X-ray diffraction using a Huber 
423 diffractometer. The instrument was equipped with a graphite monochromator in the diffracted beam 
and run with Co K-alpha radiation. Powdered samples were filled into a sidefill holder for minimizing 
particle orientation. Quantitative phase analysis was done with the Rietveld program BGMN (Ufer et al., 
2004). 
Specific surface areas (SSA) were determined by low-pressure nitrogen sorption on the dry material with a 
Micromeritics GEMINI 2360 instrument using the BET method (Brunauer et al., 1938).  
Mercury injection porosimetry (MIP) was performed using a Micromeritics Autopore II 9220 porosimeter. 
Cuttings of 5-10 mm were dried at 105°C for 24h. For data evaluation an interfacial tension for mercury- air 
system of γ = 0.485 Nm-1 (Vavra et al., 1992) and a wetting angle of ΦHg = 141.3° was used. 
9.4 Results 
9.4.1 Single-phase (water) permeability coefficients 
Initial absolute permeability coefficients (measured with tap water at room temperature (21-28°C) and fluid 
pressures of 3-6 MPa) were 32-34 nD (nano-Darcy; 10-21 m²) for sample 05-960 and 5-7 nD for sample 06-
565, respectively (Table 9-2). 
After three successive CO2-breakthrough tests the permeability coefficients of the first sample (05-960) 
increased from 32-34 to 40-43 nD. A similar trend was observed for sample 06-565. Here water 
permeability increased from 7 to 12 nD after three successive CO2 gas breakthrough tests. 
An increase in absolute permeability values was also observed after successive CO2 diffusion experiments. 
Here the increase was more distinct with 35 to 56 nD for sample 05-960 while an increase from 5 to 12 nD 
was observed for sample 06-565. 
Additionally, single-phase permeability values were calculated from the initial phase of the helium 
breakthrough tests on sample 05-960. The evaluation revealed a water-permeability of 31 nD while the 
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water in porous steel disc is pressed through the pore space of the sample.. This value is in accordance with 
the values obtained from single-phase permeability test prior the first CO2 application on the 05-960 
(“Emscher marl”) sample. 
Table 9-2. Single and two-phase flow parameters obtained from gas breakthrough experiments. 
05-960 06-565 
Experiment 
(in chrono 
order) 
abs. 
perm 
(nD) 
Helium 
breakthrough 
CO2 breakthrough 
abs. 
perm 
(nD) 
Helium 
breakthrough. 
CO2 breakthrough 
  
Pres 
(MPa) 
Keff(max) 
(nD) 
Pres 
(MPa) 
keff(max) 
(nD) 
 
Pres 
(MPa) 
keff(max) 
(nD) 
Pres 
(MPa) 
keff(max) 
(nD) 
1 34     7     
2  Failed failed    1.81 0.1   
3 33     7     
4  Failed failed      0.74 0.4 
5 32     10     
6    0.64 1.0    failed failed 
7 43     10     
8  0.44 4.0      0.41 0.6 
9 41     12     
10    0.49 2.6  0.62 0.8   
11 40     12     
12    0.43 2.9      
 
9.4.2 Capillary Entry Pressure 
Residual pressure differences (Pd) observed in the final stages of the various CO2 and Helium gas 
breakthrough experiments (i.e. minimum capillary breakthrough pressure, Pd) of the rocks vary from 0.43 
to 0.64 MPa for sample 05-960 and from 0.41 to 1.81 MPa for sample 06-565, respectively (Table 9-2). An 
example of the pressure curves recorded during gas breakthrough tests is shown in Figure 9-3. 
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Figure 9-5. Initial helium breakthrough test for sample 05-960 at 28°C. 
Sample 05-960: The first helium breakthrough experiment was performed with an initial upstream pressure 
of 5.1 MPa and atmospheric pressure on the downstream side (Figure 9-5). During the experiment the 
upstream and downstream pressures converged and stabilized at a residual pressure difference of 0.44 
MPa. This is in the same order of magnitude as the residual capillary pressure differences (“capillary entry 
pressures”) for the three repetitive CO2 breakthrough tests conducted on this sample plug (Table 9-2, 
Figure 9-6). Generally, repetitive CO2 breakthrough tests showed a decreasing trend in capillary entry 
pressures from 0.64 to 0.43 MPa (Table 9-2). The first CO2 test was characterized by a rapid decrease of the 
high pressure curve and lower absolute pressures in both compartments at the end of the experiment 
(Figure 9-6). However, the residual capillary pressure difference was similar to those measured in the other 
CO2 tests performed on this sample. 
 
Figure 9-6. Repetitive CO2 breakthrough tests for sample 05-960 at 28°C. 
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Sample 06-565: The first and fourth gas breakthrough test was performed with helium (Figure 9-7) and 
resulted in residual pressures of 1.81 and 0.62 MPa, respectively. The second and third gas breakthrough 
test was performed with CO2 (Figure 9-8) and a declining residual pressure from 0.71 to 0.41 MPa was 
observed. Generally, all follow up gas breakthrough test cycles performed in this study revealed constantly 
decreasing capillary pressures for both gases (Table 9-2). 
 
Figure 9-7. Helium breakthrough tests for sample 06-565 at 21°C. 
 
Figure 9-8. Repetitive CO2 breakthrough tests for sample 06-565 at 21°C. 
9.4.3 Maximum effective permeability coefficients (keff(max)) 
The total range of maximum effective permeabilities of non-wetting fluids (CO2, He) vary between 0.1 and 
4.0 nD (10-21m²) for helium and from 0.4 to 2.9 nD for CO2 (Table 9-2). Generally, maximum gas phase 
permeabilities are much lower than the corresponding absolute permeability values (Table 9-2) as stated in 
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Hildenbrand et al., 2002. Repetitive CO2 measurements on both samples yielded increasing keff(max) values. 
For sample 05-960 increasing values from 1.0 to 2.9 nD have been obtained; whereas keff(max) values for 
sample 05-565 increase from 0.4 to 0.8 nD. For the later sample an increase in helium keff(max) values 
measured before (0.1 nD) and after (to 0.8 nD) the third follow-up CO2 tests was observed (Figure 9-7). 
9.4.4 Diffusion experiments 
Several repetitive CO2 diffusion experiments were conducted on both samples, but useful results were only 
obtained for the clay-rich Emscher Marl sample 05-960 (Figure 9-9 and 10). For the “limestone” sample 06-
565 a CO2 transport across the sample plug was detected, but no characteristic diffusion curve has been 
recorded and evaluated. 
 
Figure 9-9. First CO2 diffusion tests on sample 05-960 
 
Figure 9-10. Second CO2 diffusion tests on sample 05-960 
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The first experiment on sample 05-960 yielded an effective diffusion coefficient of 7.8⋅10-11m² and a C1-
value of 183 mmol/m³ (0.078 mmol/g). A higher effective diffusion coefficient of 1.2⋅10-10 m² and a similar 
C1-value of 198 mmol/m³ (0.084 mmol/g) was obtained from the second diffusion experiment on the 
identical sample plug (Table 9-3). 
Table 9-3. Results of diffusion experiments performed on sample 05-960. 
No. Experiment D(28°C) [m/s²] 
C1 
[mol/m³] 
Steady state flux 
[mol/m²/h] 
T0 
[h] 
Q0 
[mmol/g) 
CO2 Diffusion test 7,80 x 10
-11 183 4.69 71.3 -334 
CO2 Diffusion test 1.19 x 10
-10 198 7.71 46.8 -361 
9.4.5 Sorption experiments 
Figure 9-11 shows the results of the high-pressure CO2 sorption experiments performed on the carbonate 
(06-565) and the marl (05-960) samples at 45°C with an as received water content. Both excess sorption 
isotherms show a more or less steep increase up to ~8 MPa followed by a strong decrease, even down to 
negative values as in the case of the 05-960 sample. Maximum sorption values are 0.27 and 0.14 mmol/g 
for the 05-960 and 06-565 samples, respectively.  
 
Figure 9-11. High-pressure CO2 excess sorption measurements on 05/960 and 06/565 samples at 45°C and 
with the as received water content. 
9.4.6 Mineralogical and petrophysical investigations 
To test for mineral alterations as a result of CO2/water/rock interactions (CO2WRI), X-ray diffraction 
measurements have been conducted on both, untreated and CO2-treated samples (i.e. after gas 
breakthrough and diffusion test cycles). The results of the evaluations using the quantitative Rietveld 
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method are shown in Figure 2 and 3. The “Emscher Marl” sample 05-960 showed a rather heterogeneous 
composition, consisting of 8 mineral phases, whereas sample 05-565 consisted predominantly of calcite (~ 
90 wt. %) with minor amounts of quartz and anhydrite (Table 9-1). 
The XRD analysis of the “limestone” sample 06-565 did not indicate any significant changes in mineral 
composition upon exposure to CO2. The “marl” sample plug (05-960) used in the repetitive gas 
breakthrough tests also showed a slight change in mineral composition pointing towards a possible 
reaction from anorthite to calcite (Table 9-1). This variation did not significantly exceed the range of 
experimental error and the natural heterogeneity of the material and needs to be verified. 
Mercury- porosimetry and BET measurements prior to and after CO2 treatment of the samples did not 
reveal any significant changes in the pore geometry and surface properties. 
9.5 Discussion 
9.5.1 Sealing efficiency of caprocks 
In this study capillary breakthrough tests using the imbibition method according to the procedure described 
by Hildenbrand et al. (2002) have been performed. Compared to gas breakthrough experiments reported 
by Al Bazali et al. (2005) or Li et al. (2005), who follow the drainage path by incrementally increasing the gas 
pressure, the risk for overestimation of the capillary displacement pressure is avoided. Additionally, the 
dynamics of gas breakthrough processes (i.e. first water displacement, then gas penetration followed by 
breakthrough; repetitive drainage/imbibition scenario) has been taken into account.  
To test for reproducibility and petrophysical changes due to the interaction of the samples with CO2, 
repetitive runs were conducted on the same sample plug. Prior to each gas breakthrough experiment 
complete water saturation was established.  
Generally, the samples showed sealing efficiencies with permeability values (single- and two-phase) in the 
nD-range and moderate threshold pressures.  
The CO2 capillary breakthrough pressures published in this work (0.41-0.74 MPa) are in line with the results 
of Hildenbrand et al. (2004) and Bachu and Bennion (2006) presenting relative small breakthrough 
pressures (< 1MPa) for shaly lithotypes. Hildenbrand (2004), Li et al. (2005, 2006), Bachu and Bennion 
(2006) and Angeli et al. (2009) also revealed higher breakthrough pressures (up to 30 MPa) investigating 
deeper buried and evaporitic sequences. This demonstrates the large range of breakthrough pressures for 
different caprock lithologies. 
Additionally absolute and gas permeabilities presented in this study match perfectly with the findings of the 
mentioned authors. Compared to the results of Li et al. (2006) who proposed permeability data for 
evaporatic caprock sequences in the Weyburn Field, the permeability values of the samples investigated in 
this study are approximately two orders lower. 
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However, a continuous reduction of the minimum capillary displacement pressure during the test cycles 
has been observed for both samples investigated (Table 9-2). The CO2 capillary breakthrough pressures 
decrease by ~33 % and 46 % for sample 05-960 and 06-565, respectively. For helium tests on sample 06-565 
(first and last experiment in the test cycle) this trend is even more distinct, showing a decrease of ~66 %. 
The reduction in capillary breakthrough pressures is associated with a significant increase in keff(max)
 values 
about a factor of ~3 for sample 05-960 and factor of ~8 for sample 06-565 (Table 9-2). This is in line with 
Longeron (2003) who observed an increase in permeability values for a carbonate core after a percolation 
test with a mixture of CO2 and water. 
Successive diffusion experiments on the marl sample (05-960) revealed increasing. Effective diffusion 
coefficients during the test sequence increase from initially 7.8E-11 to 1.19E-10 m²/s (Figure 9-9 and Figure 
9-10). The C1-values remained constant within the experimental error in both experiments (183 and 198 
mol/m³). 
Similar results were obtained by Busch et al. (2008). Repetitive diffusion experiments on the Muderong 
Shale yielded slightly increased effective diffusion coefficients (Deff = 3.08E
-11 and 4.81E-11 m2/s) and a 
decrease in the concentration of the bulk CO2 volume from 389 to 222 mol/m
3 in the sample. This was 
interpreted to result from chemical alteration of the conducting pore system during the first CO2 
experiment, possibly related to mineral reaction/adsorption. Additionally, partly irreversible sorption of 
CO2 may have retarded the diffusion front during the first run (resulting in a lower diffusion coefficient), 
while the interaction of the shale with CO2 was probably lower in the second experiments (lower C1-value). 
Additionally, absolute permeability values determined from single-phase experiments showed a slight 
increase, which indicates changes in the pore system rather than experimental errors (~10%). These 
alterations are more distinct in the diffusion test cycles, probably as a result of the longer exposure of the 
samples to CO2 (~240 to ~150h for a single gas breakthrough test). 
The findings of this experimental study indicate systematic and significant changes in the fluid transport 
properties of both samples upon successive treatment with CO2. These changes are likely to be due to 
mineral alterations and/or changes in the mineral texture due to dissolution and precipitation of minerals 
(carbonates). Both processes may lead to changes in porosity and pore geometry. Repetitive CO2 treatment 
resulted in a reduction of the capillary sealing efficiency and, in consequence, in an easier and faster 
propagation of the non-wetting fluid into/across caprocks. Similar observations were made by Chiquet et 
al. (2007a) and Shah et al. (2008) who found changes of surface properties of mineral phases upon 
exposure to CO2. 
Further high pressure sorption tests performed on both samples indicate that caprocks have an additional 
CO2 retention potential (see section below). Caprocks are able to physically adsorb significant amounts of 
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CO2, contributing to the sealing efficiency of the rocks and can also act as an additional CO2 sink, however 
on longer time scales (Busch et al., 2008). 
9.5.2 Mineral alterations 
Follow-up carbon dioxide breakthrough and diffusion tests revealed significant changes in the fluid flow 
behaviour and sealing efficiency of the samples investigated. To test for mineral alteration occurring during 
CO2WRI, X-ray diffraction measurements using the quantitative Rietveld method have been conducted on 
the initial and the CO2-treated samples. Preliminary measurements showed that the accuracy of XRD 
measurements is better than 1% and the heterogeneity of shale samples accounts for up to 5 wt.%. Results 
are summarised in Table 9-1. XRD analyses were performed on both samples after gas breakthrough and 
diffusion test cycles (Table 9-1) and compared to analyses of the original sample. The analyses of the 
“limestone” sample (06-565) did not indicate any significant mineral alteration after CO2 treatment (Table 
9-1). This sample was composed predominantly of calcite (~90 %) and contained practically no other 
reactive minerals (anorthite or clay minerals). The observed changes in transport properties could be due 
to a redistribution of calcite (dissolution, re-precipitation) within the sample, which would not be detected 
by XRD. The changes in mineral composition observed for the “marl” sample 05-960 after CO2 
breakthrough tests are small and could be within the range of rock heterogeneities (Table 9-1). The low 
alteration might be due to very low transport porosities in capillary breakthrough tests as stated in 
Hildenbrand et al. (2002). The minor accessibilities lead to a diminished contact between the CO2 and the 
rock resulting in reduced mineral reactions. Additionally, the longer duration and higher temperature of the 
diffusion experiments should be considered here (cf. Sealing efficiency of caprocks). Significant alterations 
were observed for this sample after the diffusion test cycle, probably due to a longer CO2 exposure at 
higher temperatures. The anorthite content decreased from 13.9 % to a negligible amount, whilst at the 
same time the calcite content increased from 40.4 % to 56 % (Table 9-1). The reaction of anorthite to 
calcite and quartz in the presence of CO2 has been investigated in previous studies. Gaus et al., 2005 point 
out the poor knowledge of kinetic rate constants for feldspar reactions with CO2. For the reaction of 
anorthite according to equation 1 they estimate a completion time of 5000 years. 
 
)(4522)(3)(2)(2822 )(2 sslg OHOSiAlCaCOOHCOOSiCaAl +⇔++     (9-4) 
anorthite + carbon dioxide + water ⇔ calcite + kaolinite 
 
The results of our study indicate, however, that the decomposition of anorthite takes place at the 
laboratory time scale (several weeks). These observations are in line with other recent experimental work 
showing significant corrosion of feldspar (e.g. Bertier et al., 2006) and alteration of clay minerals (e.g., 
Wigand et al, 2008) within weeks to months. Recently Hangx and Spiers (2009) proposed reactivity of 
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calcium feldspar on CO2 treatment at high pressures (6-18 MPa) and temperatures of 200- 300°C at a 
similar time scale (1-3 weeks). They found a series of secondary minerals (e.g. hydrotalcite, kaolinite, 
phyllosilicate phases, possibliy aragonite), but no indication of calcite precipitation. They assume that 
reaction (4) might occur to a limited extent and other reaction might take place. 
In this study no significant amounts of kaolinite or secondary minerals like in Hangx and Spiers (2009) were 
detected in the CO2-treated plugs of the “marl” sample, but distinct calcite precipitation occurred, maybe 
promoted by accelerated carbonate nucleation and precipitation by the existing calcite carbonate, also 
assumed by these authors. 
On the other hand the absence of kaolinite is difficult to explain. It might have been precipitated as a 
microcrystalline (silicate?) phase since a slight increase in quarz content was noted or undergone another 
unknown transformation reaction. Further investigations are required here.  
Stoichiometrically 1 mol of calcite can be produced by reaction of 1 mol anorthite with 1 mol of CO2. This 
reaction could account for the decrease in anorthite as well as the increase in calcite. For the observed 
mineral alterations in this work the ratio anorthite to calcite was found to be ~1:3, which is not in 
accordance with the stoichiometry of equation 1. Thus, a further Ca2+-source is required to obtain the 
observed mineralogical changes. One potential source is the smectite acting as a cation exchanger. 
Although not proven, its occupation by Ca2+ is likely, considering the overall constitution of the sample. The 
steady-state CO2 diffusion flux through the “Emscher Marl”-sample has been determined to be 7.7 
mol/(m²h) which guarantees a sufficient CO2 supply during the experiment. 
Although the input of calcium can be reasonably explained, it cannot be excluded that the observed 
variations are, to a certain extent, an effect of mineralogical heterogeneities. Thus XRD analysis can so far 
only be regarded as a qualitative assessment of mineral changes due to CO2 treatment. The observed 
changes in the transport properties result from minimal changes in the pore system which cannot be 
resolved by standard petrophysical methods such as BET and mercury porosimetry. 
9.5.3 CO2 storage capacity of caprock samples 
Similar sorption curves as shown in Figure 9-11 have already been reported by Busch et al. (2008) for a clay-
rich Australian shale and various clay minerals (kaolinite, illite, smectite).  
High pressure sorption tests performed in this study obtained higher maximum excess sorption capacities 
for the more clay-rich sample 05-960 than for the carbonate 06-565 (0.27 and 0.14 mmol/g, respectively). 
This can be expected by higher contents of reactive minerals, such as clay minerals and anorthite in the first 
sample, known as being reactive in the water/CO2/rock system (e.g. Busch et al., 2008; Bertier et al, 2006; 
Gaus et al. 2005; Wigand et al., 2008; Hangx and Spiers, 2009). These findings confirm the enhanced CO2- 
storage potential for shales and clay minerals reported by Busch et al. (2008).  
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Compared to the sorption capacity of the Muderong shale from Western Australia Busch et al. (2008) with 
~1.0 mmol/g the storage potential of the samples investigated here is in the same order of magnitude, but 
slightly lower. 
However, the statement of Busch et al. (2008) that CO2 migrating into the pore network of caprocks, can be 
partly immobilized by the additional storage potential of shales contributing to a higher sealing efficiency of 
caprocks can be confirmed within this study. 
CO2 sorption on organic matter plays a minor role due to the small TOC contents of the samples 
investigated (~0.2-0.4 %, Table 9-1) and has found to be negligible in the presence of clay minerals (Busch 
et al., 2008). 
In order to demonstrate the potential CO2 storage capacity of caprocks, all CO2 storage mechanisms for the 
marlstone sample (05-960) are summarized in the following: 
Carbon dioxide diffusion experiments on the marl sample (05-960) revealed an estimate for the CO2 storage 
potential of ~180-200 mol/m³ (~0.08 mmol/g), providing a first estimate. 
Following this result the different possibilities for CO2 trapping have been evaluated (Table 9-4): 
(I) Assuming complete accessibility of the pore space, complete water saturation and a CO2 solubility in 
water (at 28°C and pressures up to 5 MPa, Figure 9-12), 0.07 mmol CO2/g shale are dissolved in water 
(Duan and Sun, 2003). 
(II) CO2 sorption experiments (Figure 9-11) showed storage potentials of 0.20 mmol/g at 45°C at the 
pressure conditions used in the diffusion tests. These values might be slightly underestimated: Diffusion 
tests were performed at lower temperatures here higher sorption capacities can be expected. 
(III) Mineral alterations following pre- and post CO2 diffusion experiments of the clayey marl sample 
showed a shift from anorthite (14 to 1 wt.%) to calcite (40 to 56 wt.%, Table 9-1). This shift and taking into 
account the mass of the plug accounts for a mineral carbonation of ~0.68 mmol/g sample during the 
different CO2 diffusion tests performed here. 
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Figure 9-12. CO2 solubility in water at 21 and 28°C, related to plug mass of sample 05-960 (after Duan and 
Sun, 2003). 
Table 9-4. Evaluation of the CO2 storage potential during diffusion tests on the marlstone sample (05-960) 
Storage mechanism Storage 
capacity 
(mmol/g) 
 
C1- value 0.08 estimate from CO2 diffusion experiment 
CO2 solubility in water 0.07 after Duan and Sun (2003)  
CO2 sorption 0.20 determined from sorption isotherms using 
experimental pressures 
mineral alterations 0.69 calculated by increase in CaCO3 content after 
experiment series 
 
These three CO2 storage processes result in a total of 0.95 mmol/g (~40 kg CO2/t sample) that have been 
consumed during the two successive diffusion tests. Thereby, mineral trapping accounts for 2/3 of the total 
potential. 
One important aspect that emerged from the almost complete consumption of anorthite is that CO2 
diffuses into the entire pore space and mineral reactions take place on the experimental time scale (several 
weeks). 
In order to reveal further information on the processes involved in these storage phenomena, a desorption 
test after the 3rd CO2 breakthrough test on this sample has been conducted to elucidate whether the 
storage potential is the result of irreversible processes (total conversion of the accessible mineral surface) 
or irreversible sorption during the first contact between the reactive gas and the rock matrix 
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After the third gas breakthrough experiment the two volumes at the top and bottom side of the sample 
plug have been depressurized and a pressure build-up over time has been recorded (Figure 9-13). This 
desorption experiment underlines the assumption of reversible processes, showing a higher amount of 
desorbed CO2 as the amount of CO2 dissolved in the pore water (considering low transport porosities). 
Figure 9-13 shows that the desorption on the former upstream side is faster and higher than on the 
downstream side which should be the result of the pressure gradient over the sample but could also be 
interpreted as pronounced mineral alteration on the high pressure side, due to higher capillary pressure of 
the CO2 at this side. 
Carbon dioxide immobilization within the calcite sample is rather unexpected. No mineral alterations have 
been observed after CO2 treatment (at 21°C), porosity is rather small (6 %) providing a reduced amount of 
dissolved CO2 in the sample and CO2 sorption is also limited (Figure 9-11). Further, no Ca
2+, Fe2+ or Mg2+-
source (like e.g. anorthite or clay minerals) and hence no alkalinity is available that are required for the 
precipitation of calcite. 
 
Figure 9-13. Desorption tests on sample 05-960 after 3rd CO2 breakthrough test. 
9.6 Conclusions 
Potential changes in sealing properties of caprocks exposed to high CO2 partial pressures are considered 
one of the key factors in geologic storage of carbon dioxide. Our experimental and analytical study on two 
caprock samples, a clay-rich marlstone and a calcite-rich limestone from western Germany provided a 
comprehensive overview of CO2-related petrophysical and mineralogical alterations of fine-grained 
lithotypes on the laboratory time-scale of several weeks up to several months. The results of repetitive CO2 
gas breakthrough and diffusion experiments revealed a small but measurable alteration of fluid transport 
properties for both samples as evidenced by a lowering of gas breakthrough (capillary entry) pressures and 
a slight increase in permeability coefficients. No significant changes could be detected in other 
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petrophysical parameters such as specific surface area and pore-size distribution. The overall sealing 
properties of both lithotypes were not seriously deteriorated. Due to their different mineralogical 
composition the two samples exhibited differences in their chemical reactivity. While XRD measurements 
of the limestone before and after exposure to CO2 did not reveal any distinct changes in mineral 
composition, a significant decrease in the reactive feldspar component anorthite was observed for the clay-
rich marl sample with a simultaneous increase in calcite after CO2 exposure. These findings are in line with 
irreversible CO2 uptake inferred from high-pressure “sorption” experiments also conducted in this study. 
The chemical CO2 fixation potential of pelitic rock sequences containing reactive feldspar and clay minerals 
thus emerges as a new and additional aspect in seal appraisal. Caprocks do not react merely as a flow 
barrier but may also constitute a permanent sink for significant quantities of CO2. The results of the 
present study indicate that these mineral reactions occur rapidly, i.e. on the laboratory time-scale. Their 
impact on the sealing efficiency and fluid flow properties appears to be marginal. In consequence, the 
presence of “immature” pelitic rocks with significant percentages of unweathered feldspars would 
constitute an additional criterion for the selection of suitable geological storage sites for CO2.  
The combination of laboratory flow-tests under in-situ conditions with detailed mineralogical and 
petrophysical analyses constitutes a very promising approach to study the complex physico-chemical 
processes in the CO2/water/rock system. The effects of the initial mineral composition on the type and the 
kinetics of mineral reactions and the CO2 fixation potential are one focus of ongoing studies. Microscopical 
methods (e.g. SEM) are being used to exhibit more profound insight into the behaviour of feldspar and clay 
minerals in the presence of CO2. The long-term impact of CO2-triggered mineral reactions on the rock 
mechanical properties of caprocks is another perspective closely related to the issues addressed here. It is 
presently under investigation in several seal/caprock-related research projects such as the CO2SEALS 
Project (http://www.co2seals.de/). 
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10 Carbon Dioxide Storage Potential of Shales 
10.1 Introduction 
In recent years, research into subsurface CO2 storage in geological formations has increased rapidly. The 
main focus of this research is to seek options for lowering anthropogenic CO2 emissions which are believed 
to be a major factor contributing to global warming. Some of the most favoured storage options are saline 
aquifers, depleted gas and oil reservoirs or unminable coal seams (Bachu, 2000; Bachu et al., 1994; Freund 
and Ormerod, 1997; Hitchon et al., 1999; Holloway, 1997). 
Investigations on this topic cover a wide range of issues such as gas-water-rock interactions, multiphase 
flow, reservoir engineering and modelling as well as monitoring and verification. One common aspect of all 
CO2 capture and storage (CCS) options is the sealing efficiency of cap rocks above potential CO2 storage 
reservoirs. The quantitative assessment of leakage risks and leakage rates is a primary prerequisite for site 
approval, public acceptance and the awarding of credits for stored CO2 quantities.  
Leakage through caprocks may occur in three different ways: (i) rapid (“catastrophic”) leakage by seal-
breaching (mechanical failure) or damage of well casing (corrosion of pipes and cements), resulting in gas 
flow through a (micro-) fracture network, (ii) long-term leakage controlled by the apillary sealing efficiency 
(e.g. Al-Bazali et al., 2005; Chiquet, 2005; Hildenbrand et al., 2004a) and permeability (after capillary 
breakthrough pressure is exceeded) and (iii) diffusive loss of dissolved gas through the water-saturated 
pore space.  
Molecular diffusion of CO2 is characterized by a low transport capacity, but it is a permanent and ubiquitous 
process. Rather than causing substantial gas losses, it must be considered as the rate-controlling step of 
mineral reactions, seal alteration and sorption processes. However, few data are available on the diffusive 
transport of CO2 in geological seals.  
Research on molecular gas transport through cap rocks was mainly focused on hydrocarbon loss from 
natural gas reservoirs (e.g. Krooss and Leythaeuser, 1996; Krooss and Leythaeuser, 1997; Krooss et al., 
1988a; Krooss et al., 1992a, b; Krooss and Schaefer, 1987b; Leythaeuser et al., 1980; Montel, 1993; Nelson 
and Simmons, 1995; Nelson et al., 1992). In one of the first studies related to CCS, Krooss et al. (2003) 
reported CO2 diffusion parameters of samples from different lithotypes (coal, cemented sandstones, 
shales). The results of this study indicated that shales are able to store significant amounts of CO2 either 
dissolved in formation waters, trapped by mineral reactions or sorbed to organic compounds or mineral 
surfaces. These findings triggered more detailed investigations of the CO2 sorption and diffusion behaviour 
of selected shale samples and individual clay mineral standards (Ca-Montmorillonite, Na- Montmorillonite, 
Kaolinite, Repidolithe, Illite). This experimental work was accompanied by geochemical modelling to obtain 
improved insight into likely dissolution and precipitation of minerals. Currently, extensive and funda
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experimental and modelling research is performed related to CO2-water-rock interactions in geological 
storage formations (e.g. Bertier et al., 2006; Brosse, 2005a, b; Emberley, 2004; Gaus et al., 2005; Gunter, 
2000; Gunter, 1993; Kaszuba, 2003; Kaszuba, 2005; Kharaka et al., 2006; Knauss et al., 2005; Rosenbauer et 
al., 2005; Shiraki and Dunn, 2000). 
10.2 Sample Description 
The Muderong Shale is the regional top seal in the Carnarvon Basin on the Northwest Shelf of Australia of 
Cretaceous age. The sample analysed in this study was recovered from a depth of 1454 metres below 
seafloor (mbsf). The shale was partially dried out when recovered and was preserved under a light process 
oil from the recovery point onwards to prevent further desiccation. XRD analyses show that this shale 
dominantly comprises mixed layer illite-smectite, kaolinite and quartz (Table 10-1). It has a porosity of ~20 
% and bulk density (calculated from weighing and drying), moderately high specific surface area (by 
nitrogen adsorption/desorption) and cation exchange capacity (by x-ray fluourescence) in line with its clay-
rich nature (Table 10-1). Pore size distributions (by mercury porosimetry) indicate capillary threshold 
pressures of ~48 MPa (Kovack, 2004). SEM examination shows that the Muderong Shale is a relatively 
uniform (non-laminated), fissile shale, with clay matrix support (Figure 10-1a,b). Preferential particle 
orientation of both rigid grains and clay matrix is observed, although the clay matrix orientation can be 
affected locally by the presence of more rigid particles (Figure 10-1c). Pyritisation of foraminifers is also 
noted along with precipitation of early diagenetic kaolinite (Figure 10-1b,c) and siderite (Figure 10-1d). 
Further details on the analytical methods and the composition, physical and mechanical properties of the 
Muderong Shale have been reported by Dewhurst and Hennig, 2003; Dewhurst et al., 2002a; Dewhurst et 
al., 2002b.  
Table 10-1: Petrophysical properties and composition of Muderong Shale. 
Grain Density (g/cm³) 2.70 
Bulk Density (g/cm³) (g/cm³) 2.33 
Porosity - 0.20 
Specific Surface Area (m²/g) 25.0 
Cation Exchange Capacity (meq) 0.24 
Capillary Entry Pressure (Air-Hg) (MPa) 48.3 
Total Organic Carbon % <0.5 
Clay fraction  - 0.45 
Clay content  - 0.66 
   
Mineral composition  Content (%) 
Illite-smectite   27  
Smectite in I-S  20 
Mica/Illite  8 
Kaolinite  26 
Chlorite  5 
Quartz  27 
Siderite  2 
Orthoclase  3 
Pyrite  2 
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Figure 10-1: Backscattered scanning electron microscope images of the Muderong Shale sample used in 
these tests; (a) General low magnification image showing the fine grained nature of Muderong Shale (most 
particles < 50 µm diameter); (b) magnified from (a), showing a pyritised foraminifera infilled with clays; (c) 
close up of (b) reveals the foram test is infilled with vermicular kaolinite that has been protected from 
compaction, enhanced compaction of clays around the foram and small pyrite framboids (bright); (d) high 
magnification image showing siderite (bright), a small pyrite framboid, tightly compacted clay fabric and 
fine grained quartz particles (larger, grey grains).  
Ca-montmorillonite, Na-montmorillonite, illite and kaolinite used in this study (Table 10-2) were obtained 
from the The Clay Minerals Society’s (http://www.clays.org/) Source Clays Repository (Purdue University, 
Indiana, USA). These represent reference samples that have been analysed in several baseline studies the 
results of which were published in Clays and Clay Minerals (Vol. 49,5, 2001). 
Table 10-2: Source Clay minerals used in this study. 
Clay mineral Code Origin 
Ca-montmorillonite STx-1b Gonzales County, Texas, 
USA 
Na-montmorillonite SWy-2 Crook County, Wyoming, 
USA 
Kaolinite KGa-1b County of Washington, 
State of Georgia, USA 
Illite Imt-1 Silver Hill, Montana, USA 
(http://www.clays.org/sourceclays/SourceClays.html) 
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10.3 Experimental 
10.3.1 Diffusion experiments 
CO2 diffusion experiments were conducted in triaxial flow cells constructed for confining pressures and 
axial loads up to 50 MPa, with temperatures up to 350°C. The cells accommodate cylindrical sample plugs 
with a diameter of 28.5 mm. The plug length can range from 5 to 20 mm and is usually chosen to keep the 
experimental time frame reasonable. The plug is placed between two porous stainless steel disks (Figure 
10-2) which is then mounted between two stainless steel pistons equipped with boreholes for fluid 
introduction and removal. To ensure leak and diffusion tightness, the outer surface of the sample/piston 
arrangement is sealed with a double-layered sleeve. The inner sleeve consists of lead (Pb) foil (0.25 mm 
thickness); for the outer layer, a thin-walled copper (Cu) tube is used. 
 
Figure 10-2: Schematic diagram of the CO2 diffusion experiment under controlled effective stress conditions. 
Prior to the diffusion experiments, the conductive pore system of the samples is water-saturated by 
applying pressures in the range of up to 8 MPa on one side. The resulting water flow at the downstream 
side is monitored and when it is gas-free the flow-rate is measured to determine the permeability 
coefficient. Subsequently both chambers of the flow cell are pressurised with water up to the pressure level 
chosen for the diffusion experiment. The diffusion experiment is started by displacing the water in the 
bottom chamber (stainless steel porous disk) of the flow cell by CO2. A communicating tubing system 
ensures that there is no pressure gradient between top and bottom chamber of the measuring cell. 
The flow scheme of the experimental set-up with the peripheral valve and tubing system has been 
described elsewhere (Schlömer and Krooss, 2004). The gas diffusing through the rock plug is collected in 
the top chamber of the flow cell for 1–2 hours and then transferred to a purge and trap system. Here CO2 is 
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stripped from the water by a helium current and adsorbed on a molecular sieve trap. In a subsequent step 
the trapped CO2 is mobilised thermally and transferred to the GC/TCD for quantification.  
The diffusion experiments are conducted as non-steady state measurements, i.e. the diffusive 
breakthrough of the gas is monitored and evaluated to yield the effective diffusion coefficient and the 
equilibrium bulk rock volume CO2 concentration at the gas/rock interface in the bottom chamber. A 
detailed description of the evaluation of effective diffusion coefficients and the derivation of diffusion 
equations was given by Schlömer and Krooss, 2004. A short outline is provided in the Appendix. 
10.3.2 Sorption experiments 
10.3.2.1 High-pressure sorption experiments 
In the high-pressure sorption experiments (> atmospheric pressure, up to 25 MPa) the gas sorption capacity 
(sorption isotherms) of powdered sample material is determined as a function of pressure by the 
manometric method. Figure 10-3 shows a schematic image of the experimental set-up, consisting of a 
stainless-steel sample cell, a set of actuator-driven valves and a high-precision pressure transducer (max. 
pressure 16 MPa), with a precision of 0.05 % of the full-scale value. The volume between valve 1 and valve 
2, including the void volume of the pressure transducer, is used as reference volume and determined by 
helium (He) pycnometry in a calibration run. The shale sample plugs are kept in a stainless-steel sample 
cell. A 2-µm filter-disc is used to prevent mineral particles from entering the valves. 
 
Figure 10-3: Schematic diagram of the experimental set-up for single component gas adsorption on coals. 
The volume between V2 and V3, including dead volume of the pressure transducer, is used as reference 
volume. 
The experimental device is placed in an air bath ensuring a constant temperature (±0.1°C) throughout the 
experiments. Single-gas sorption experiments in this study were performed at 45°C and 50°C. At this 
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temperature CO2 is either in the gaseous or, at pressures above Pc, in the supercritical state (Tc: 30.95 °C; Pc
 
7.38 MPa). 
A detailed description of the procedure has been given previously (Busch et al., 2003a, 2007; Busch et al., 
2004a; Krooss et al., 2002; Siemons and Busch, 2007). The evaluation of the experimental data yields excess 
sorption (Gibbs sorption) isotherms. Here the observed reduction in gas pressure resulting from gas 
sorption is compared to the theoretical “non-sorption” case. The volume changes due to the increasing 
amount of adsorbed phase with pressure are not considered in this evaluation. 
10.3.2.2 Low-pressure nitrogen sorption experiments  
In order to detect any structural changes in the pore system of the clay minerals, specific surface area 
measurements were performed on the as received Ca-montmorillonite, Na-montmorillonite and kaolinite 
samples before and after high-pressure sorption experiments with supercritical CO2. Specific surface areas 
were determined by low-pressure nitrogen sorption on the dry material with a Micromeritics GEMINI 2360 
instrument using the BET method (Brunauer et al., 1938). The measurements were performed at liquid 
nitrogen temperature (-196°C) up to a final pressure of 0.126 MPa. Because of the low-pressures no 
correction for non-ideality of the gas was made. 
Clay samples were evacuated and kept in a vacuum (<1 Pa) at 105°C for at least 6 hours. The vacuum oven 
was then vented with helium and the sample cells (quartz) were closed while the samples were still under a 
helium atmosphere. Until used, the dry samples were stored in a desiccator under helium.  
10.4 Results 
The permeability tests conducted with the Muderong Shale prior to the first diffusion experiments yielded 
permeability coefficients between 0.8 and 0.9·10-21 m² (0.8 – 0.9 nDarcy) (Figure 10-4). These values are on 
the lower end of permeability coefficients typically observed for moderately compacted shales. 
10.4.1 Diffusion experiments 
The experimental diffusion curves (data points and best fits) obtained from the two diffusion 
measurements on the Muderong Shale sample plug are shown in Figure 10-5 and Figure 10-6. Here the 
cumulative amounts (Q) of CO2 diffused axially through the cylindrical sample plug per unit cross-section 
area (units of Q: mmol/m²) are plotted as a function of time (t in hours) elapsed since the start of the 
experiment. The slopes of the tangents to the curves represent the steady-state flux (mmol/m²/h). 
Indicated in the diagrams are the lag-times (t0), defined as the intersection of the tangent to the diffusion 
curve with the x-axis, and the Q0-values, the intercept of the tangent with the y-axis. These two 
characteristic parameters of the diffusion curve can be used to derive the effective diffusion coefficient (D) 
and the gas storage capacity (C1) of the samples (cf. Krooss and Schaefer, 1987b). The first diffusion 
experiment was stopped before steady-state flow was reached. However a fit of the diffusion function to 
the experimental data provided a reasonable estimate of the diffusion parameters. 
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Figure 10-4. Water permeability measurement on Muderong Shale plug prior to first CO2 diffusion 
experiment. 
 
Figure 10-5. Cumulative CO2 diffusion curve from Experiment 1 on Muderong Shale plug at 50°C. 
Table 10-3 summarizes the results of these two experiments in terms of the effective diffusion coefficients 
and C1-values. Effective diffusion coefficients of 3.08·10
-11 and 4.81·10-11 m²s-1 were obtained for the first 
and the second experiment, respectively. The C1 values denote the bulk volume concentration (mol/m³ 
shale) of CO2 within the rock sample at the gas/shale interface. For the first and second diffusion 
experiment they are as high as 389 and 222 mol/m³ (0.17 and 0.10 mmol/g), respectively.  
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Figure 10-6. CO2 diffusion experiment on Muderong Shale plug at 50°C (Experiment 2). 
Table 10-3: Effective diffusion parameters: 
 t0 
(s) 
Q0 
(mmol m
-2
) 
Deff 
(m² s
-1
)
 
C1 
(mol m
-3
) 
Experiment 1 1.69·105 -363 3.08·10-11 389 
Experiment 2 1.09·105 -207 4.81·10-11 222 
10.4.2 Sorption experiments 
10.4.2.1 High-pressure CO2 experiments 
Figure 10-7 shows the excess sorption isotherms for the Muderong Shale measured at 50°C with an “as 
received” (a.r.) water content of 3.34 % and in the dry state (drying of the sample under vacuum at 105°C 
for >90 min). The “a.r.” sample has a lower water content than might be expected for the Muderong Shale 
as a result of poor sample preservation before retrieval and as such is not fully saturated in its initial state. 
On the “a.r.” sample, two measurements were performed to investigate reproducibility on the identical 
sample. The shape of the isotherm differs significantly from “normal” gas sorption isotherms and can be 
separated into three parts: 
Pressure range from 0 to ~7 MPa: Excess sorption shows an almost linear behaviour for all isotherms. This 
part is almost identical for all measurements indicating no effect of the water content. 
Pressure range from 7 to ~12 MPa: Excess sorption shows a steep increase in excess sorption for the 
untreated sample (1st run “a.r.”) and an initial decrease for the other two measurements (2nd run “a.r.” and 
dry), followed by a similar peak as for the untreated sample. The maximum sorption capacity varies for all 
three samples and decreases from the untreated (1st run “a.r.”) to the dry sample from ~1.0 to ~0.4 
mmol/g.  
Above 12 MPa, all isotherms show a parallel and continuous decrease in sorption capacity with pressure.  
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The CO2 sorption isotherms of the pure clay minerals, measured at 45°C, generally differ from those of the 
shale. Five different samples were tested either with “a.r.” moisture content or in the dry state (Figure 
10-8). The chlorite sample measured exhibited no measurable sorption capacity beyond the experimental 
error and is therefore not represented in Figure 10-8. For all samples, the dry measurements yielded higher 
excess sorption values than the corresponding “a.r.” samples. The highest sorption capacities were 
obtained for Ca-montmorillonite with maximum values of ~1.65 and ~1.3 mmol/g for the dry and the “a.r.” 
sample respectively. The lowest sorption values, however, were found for kaolinite and illite with maximum 
values < 0.4 mmol/g.  
 
Figure 10-7. CO2 excess sorption experiment on powdered Muderong Shale at 45°C. 
 
Figure 10-8. CO2 excess sorption experiments on various powdered clay minerals (Ca-montmorillonite, Na-
montmorillonite, illite, kaolinite) in the dry and “as received” moisture state. 
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The shape of the CO2 sorption isotherms on kaolinite also differed substantially from those of the other clay 
minerals (Figure 10-9). The isotherms show fluctuations at pressures above 8-10 MPa. Furthermore, the 
isotherm of the kaolinite sample measured in the “a.r.” moisture state (1st run, Figure 10-9) shows a 
sorption peak similar to the one observed for the Muderong Shale. A re-run with CO2 was performed on the 
same sample to test for reproducibility (2nd run, Figure 10-9). It is obvious that the two isotherms are very 
similar up to ~8 MPa. At higher pressures, however, the second isotherm shows significantly lower sorption 
capacities. The same phenomenon was observed for the Muderong Shale (Figure 10-7). It is further 
interesting to note that the dry measurement shows a very similar behaviour to the re-run of the “a.r.” 
sample (Figure 10-7). 
 
Figure 10-9. CO2 excess sorption experiments on powdered kaolinite. 
10.4.2.2 Low-pressure N2 sorption experiments 
Low-pressure N2 sorption experiments have been performed on the Muderong Shale in the as received and 
in the dry state (Figure 10-11) as well as on three different pure clay minerals (Ca-montmorillonite, Na-
montmorillonite, kaolinite, Figure 10-10) in the as received moisture state. No differences in N2 sorption 
isotherms or specific surface areas (SSA, Table 10-4) have been observed for the clay minerals. The 
Muderong Shale however showed a decrease in SSA from 14.6 to 13.1 m²/g for the measurement on the 
“a.r.” sample compared to to the initial sample and no change in SSA for the dry measurement (Table 10-4). 
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Figure 10-10. Nitrogen sorption isotherms for untreated and treated Muderong Shale sample (untreated: 
solid line; after treated of dry sample: long dashed line, after treatment of moist sample: short dashed line). 
 
Figure 10-11. Nitrogen sorption isotherms (BET) for untreated and treated clay minerals (untreated: solid 
line; treated: dashed line) 
Table 10-4: Comparison of BET specific surface areas of different clay minerals and Muderong Shale before 
and after CO2 treatment 
Sample SSA before treatment 
(m²/g) 
SSA after CO2 treatment of moist 
sample (m²/g) 
SSA after CO2 treatment of dry 
sample (m²/g) 
Muderong Shale 14.6 14.5 13.1 
Ca-montmorillonite 92.3 94.1 n.a. 
Na-montmorillonite 28.0 28.3 n.a. 
Kaolinite 11.3 11.1 n.a. 
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10.5 Discussion 
10.5.1 CO2 diffusion in the Muderong Shale 
The CO2 diffusion coefficients measured on the Muderong Shale in successive tests are of the same 
magnitude, the second value being slightly higher than the first (Figure 10-5 and Figure 10-6). This could be 
the result of a chemical modification of the conducting pore network during the first experiment, possibly 
due to mineral reactions. Effective diffusion coefficients of gases in water-saturated rocks are also affected 
by sorption processes as evidenced for the diffusion of methane in shales with different contents of organic 
matter (Zhang and Krooss, 2001). Thus, the elevated and partly irreversible sorption of CO2 may have 
retarded the diffusion front in the first Muderong Shale diffusion experiment while the interaction of the 
shale with CO2 was probably lesser in the second one, as evident from the lower C1 value. 
Further systematic tests are under way to provide more insight into the natural variability of diffusion 
coefficients and changes due to CO2-water-rock interactions. 
Diffusion coefficients of CO2 in water as reported by Gertz and Loeschcke, 1956 and Vivian and King, 1964 
range between 2·10-9 and 3·10-9 cm2s-1 (at 37°C). As discussed by Krooss et al., 1992a, the relationship 
Deff. = Daq./ τ,           (10-1) 
where Deff denotes the effective diffusion coefficient and Daq the diffusion coefficient in the pore water, 
may be used to estimate the nominal tortuosity (τ) of the shale pore system. For the Muderong Shale this 
tortuosity value is in the range of 40 to 70. 
The C1 values obtained from the diffusion experiments are a measure of the specific CO2 storage capacity of 
the shale at the pressure/temperature conditions of the experiment. Evidently, the C1 value decreased 
from 389 mol/m³ in the first experiment to 222 mol/m³ in the second test (cf. Figure 10-5 and Figure 10-6). 
For comparison, Table 10-5 lists the CO2 diffusion parameters of the Muderong Shale together with those 
measured on a Carboniferous coal and a cemented sandstone.  
Table 10-5: Comparison of effective CO2 diffusion parameters measured on a coal, a cemented sandstone 
and the Muderong shale 
Sample coal BRZ 405 cemented sandstone Muderong shale 
Exp. 
(Temp.) 
coal 1 
(45°C) 
coal 2 
(45°C) 
ss 1 
(50°C) 
ss 2 
(50°C) 
sh 1 
(50°C) 
sh 2 
(50°C) 
Deff 
(m2 s-1) 
1.43·10-9 1.18·10-9 2.61·10-10 1.89·10-10 3.08·10-11 4.81·10-11 
C1 
(mol/m³) 
3.30 4.14 9.8 8.3 389 222 
steady-state 
flux 
[mmol/m²/h] 
0.93 1.0 0.73 0.45 7.62 6.9 
10. Carbon Dioxide Storage Potential of Shales 
239 | P a g e  
It is evident that the Muderong Shale exhibits the lowest diffusion coefficients but by far the highest CO2 
storage capacity (C1 values). The steady-state diffusive flux, which is controlled both by the effective 
diffusion coefficient and the “solubility” or storage capacity of the gas in the water-saturated rock is also 
much higher for the Muderong Shale than for the other two samples. The significant decrease in CO2 
storage capacity in the second diffusion experiment is attributed to irreversible storage of CO2 in the first 
experiment e.g. by mineral reactions. 
10.5.2 CO2 sorption on shales and clay minerals 
In the high-pressure sorption experiments the moist (“as received”) Muderong Shale showed higher CO2 
sorption capacities than the dry shale (Figure 10-6). This behaviour was unexpected since water and CO2 
were considered to compete for sorption sites which should result in lower CO2 sorption capacities. For the 
pure montmorillonite and Illite samples investigated here, indeed substantially higher sorption capacities 
were observed with the dry samples while the “a.r.” kaolinite exhibited higher CO2 sorption capacities than 
the dry one at pressures > 7 MPa (Figure 10-9). It could be speculated that drying of the Muderong Shale 
and kaolinite might have changed their structural parameters leading to lower sorption capacities. 
However, the drying procedure was the same in all cases and therefore similar effects would be expected 
for the pure clays and the shale. Furthermore, any structural rearrangements should be expected to result 
in deviations over the entire pressure range of the sorption isotherms. This is not the case, since for all 
measurements performed on the Muderong Shale, the sorption behaviour is quite similar at pressures up 
to ~7 MPa.  
Repetitive sorption runs on the “a.r.” Muderong Shale and kaolinite samples, respectively showed a 
decrease in sorption capacities, especially at elevated pressures. These repetitive measurements however 
demonstrated sorption behaviour similar to the corresponding dry measurements. 
While numerous CO2 sorption measurements on coals under various conditions have been published in the 
literature, sorption isotherms on shales at high pressures are rarely reported so far. Nuttall et al., 2005 
investigated carbonaceous Devonian black gas shales from Kentucky, USA on their CO2 storage and 
methane recovery potential. Experimental conditions were 30°C (sub-critical CO2 conditions) and pressures 
up to ~5.5 MPa and 10 MPa for CO2 and CH4, respectively. They found a direct positive correlation between 
CO2 storage capacity and total organic carbon (TOC) of the shales while no correlation with the clay mineral 
content was observed. Some of the sorption isotherms presented by Nuttall et al., 2005 indicated a similar 
peak in excess sorption capacity as found in this study. Unfortunately pressures and temperatures were 
comparably low (<~5.5 MPa), leaving this similarity rather questionable. Nevertheless, in the study by 
Nuttall et al., 2005, excess sorption isotherms were represented by a Langmuir isotherm (monomolecular 
loading) which seems to be inappropriate to represent this peak. 
Volzone and co-authors investigated the sorption behaviour of montmorillonite, smectite and kaolinite for 
various gases such as CO2, CO, N2, CH4 and SO2 (Melnitchenko et al., 2000; Venaruzzo et al., 2002; Volzone 
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and Ortiga, 2000, 2005; Volzone et al., 2006). These measurements have usually been performed at 0.1 
MPa and 25°C, thus not representing reservoir conditions for CO2 storage. However, under these low P/T 
experimental conditions, significant sorption capacities for different clay minerals have been observed with 
maximum values for SO2>CO2>CH4≥N2: 0.66>0.24>0.08≥0.07 mmol/g. The mechanisms leading to gas 
sorption on clay minerals have not been well studied so far. Some correlations are given by e.g. Venaruzzo 
et al., 2002 who found a reasonable trend with BET surface areas and a very good correlation with the 
micropore volume of the minerals. The same phenomenon was observed in this study: BET surface areas, 
as measured with N2, decrease in the order Montmorillonite>Illite>Kaolinite (e.g. Chlou, 1993, Table 10-4) 
which is the same trend as observed for the sorption capacity These observations seem to support physical 
surface sorption as reported for various other porous materials like, for example, activated carbons, coals 
or polymers. 
10.5.3 CO2 storage potential of shales 
The C1 values obtained from the diffusion experiments provide additional information on the sorptive 
storage capacity of shales at the experimental pressure/temperature conditions. At the interface of the 
water-saturated shale and the free CO2 phase, an equilibrium concentration of CO2 will be established in 
the pore water. If no adsorption occurs (i.e. CO2 resides exclusively in the pore water of the sample), then 
C1 should correspond to the product of the aqueous solubility of CO2 under experimental conditions and 
porosity: 
C1= Caq.· φ           (10-2) 
Any higher observed C1 values will be due to sorption or mineral reaction effects. The aqueous solubility of 
CO2 in fresh water at the experimental conditions can be estimated by the relationship of Duan and Sun, 
2003. At 50°C and pressures between 6 and 7 MPa the solubility of CO2 in (salt-free) water ranges between 
~870 and 960 mol/m³ H2O (cf. Figure 10-12). Taking the porosity of 20 % for the Muderong Shale (Table 
10-1), the bulk volume CO2 concentration should amount to ~170-190 mol/m³ in the case of non-sorption 
and assuming complete accessibility of CO2 to the pore water. Thus, the significantly higher C1 values (222-
389 mol/m³ Figure 10-5 and Figure 10-6) derived from the diffusion experiment indicate a considerable 
degree of CO2 sorption (on organic matter and minerals) or mineral reactions in the shale sample. This 
value for the combined sorption/mineral reaction potential, at the first contact of CO2 with the shale, could 
amount to as much as 200 mol/m³ (0.086 mmol/g). Evidently the C1 value in the second experiment (222 
mol/m³, Figure 10-6) is lower than the one in the first experiment (389 mol/m³, Figure 10-5). This indicates 
that some degree of irreversible sorption/reaction of CO2 occurred during the first experiment. During the 
diffusion experiments no complete mineral reaction should be expected, rather changes to the surface 
sites. If these reactions occurred during the first diffusion experiment they would leave behind less reactive 
minerals. This could explain the lower CO2 storage value observed in the second experiment. The 
verification of this conclusion is shown qualitatively for the Muderong Shale sorption experiments on the 
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shale (Figure 10-7) and the kaolinite (Figure 10-8). Follow-up measurements on identical samples revealed 
lower excess sorption capacities, indicating some degree of permanent fixation of CO2 in the first run.  
 
Figure 10-12. CO2 solubility in water at 50°C assuming zero NaCl concentration calculated after Duan & Sun 
(2003). 
The comparatively high CO2 storage potential of the Muderong Shale has been verified by sorption 
experiments on powdered sample material (Figure 10-7). It can be assumed that in the shale plug used for 
the diffusion test, only surfaces of reactive minerals were accessible to CO2 at the experimental time scale. 
This would explain the lower sorption capacities as compared to the sorption experiment on the shale 
powder under equilibrium conditions. Maximum sorption values for the partially saturated shale sample 
were ~0.25 to 0.3 mmol/g at pressure conditions identical to the diffusion experiment (6-7 MPa). This is 
assumed to be realistic, considering equilibration pressures and smaller particle sizes. The sorption 
measurements on the clay minerals demonstrated that the CO2 sorption capacity of the Muderong Shale 
can be attributed entirely to the clay minerals and that sorption on the organic matter probably plays a 
minor role, especially given the low TOC of the Muderong (<0.5%). Considering the huge abundance of clay 
minerals in thick cap rock formations, there is a possibility for large CO2 storage potential in shale 
sequences of sedimentary basins which is, however, limited by the poor accessibility of these low-
permeability lithotypes. Under the aspect of storage safety, this buffering or retention capacity would be 
considered as an additional beneficial feature of shale caprocks overlying potential underground CO2 
storage sites. 
10.5.4 Diffusive loss through a cap rock 
In order to demonstrate the low risk of diffusive CO2 loss through a cap rock formation a diffusive model 
presented by Krooss et al., 1992a, b has been used in this study. For this evaluation Deff and C1 values for 
the first diffusion experiment (Table 10-3) have been used. Further a cap rock thickness of 100 m at a 
reservoir depth of 1000 m (corresponding to temperatures of 45-50°C and pressures of 10 MPa) and an 
infinite pure CO2 source has been assumed. The governing equations are given in the Appendix (A5, A12) 
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and the resulting amounts of CO2 that has entered the cap rock at the cap rock/reservoir interface and 
escaped the cap rock respectively are provided in Figure 10-13. This model demonstrates that for the 
parameters considered, diffusive gas breakthrough at the top boundary of the cap rock occurs after ~ 0.3 
Ma. This time frame can be considered as reasonable for geological storage of CO2, taking into 
consideration the relatively low thickness of 100 m. However, as geochemical alteration might occur due to 
CO2/water/rock interactions, the sealing integrity could be lowered, leading to shorter diffusive 
breakthrough times. 
 
Figure 10-13. Diffusive loss through Muderong Shale, assuming cap rock thickness of 100 m and porosity of 
20 %. 
10.6 Conclusion and Outlook 
The present study is, to our knowledge, the first comprehensive investigation of the CO2 sorption capacity 
of a natural shale and individual clay minerals under conditions relevant for CO2 subsurface storage (45-
50°C and pressures up to 20 MPa). A combination of diffusion experiments and conventional gas sorption 
tests on the Muderong Shale from Western Australia has provided evidence for significant CO2 storage 
capacity in shale sequences. The observed CO2 fixation is attributed to a combination of aqueous solubility, 
geochemical reactions and physical sorption mainly on clay minerals. Sorption capacities, specifically for 
montmorillonite are high and of the same order of magnitude as natural coals. These findings have 
important consequences for the appraisal of CO2 subsurface storage capacities. They imply higher overall 
CO2 storage potentials in sedimentary basins on the one hand and lower leakage rates from reservoirs on 
the other hand.  
The results of this study also indicate that geochemical alterations such as dissolution of silicates and 
precipitation of carbonates may have measurable effects on the poro-perm and diffusion properties of 
shales with a tendency to enhance the transport properties. But even these enhanced transport properties 
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are not likely to create substantial leakage problems through the undisturbed matrix of massive shale 
sequences. Indeed, by favouring the access to larger volumes of shale, they could positively contribute to 
mineral trapping of larger amounts of CO2.  
More detailed future studies are considered to be important for a more profound understanding of cap 
rock alteration resulting from interaction with carbon dioxide. These investigations could include additional 
diffusion experiments on the same sample plug to detect long term alterations caused by repetitive CO2 
interaction. Further, more detailed experimental studies on mineral alterations are suggested in order to 
obtain information on additional mineral CO2 trapping as well as on possible alterations of porosity and 
permeability. 
10.7 Appendix - Evaluation of effective diffusion coefficients 
Fick’s first law of diffusion describes the diffusive flux rate JD [mass/area/time] as a function of the 
concentration gradient (grad c; units: [mass/length4]: 
cgradDJ D  ⋅−=           (10-3) 
where D denotes the diffusion coefficient [length2/time]. 
Fick's second law of diffusion is the mass balance equation:  
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The definition of effective diffusion coefficients has been discussed previously in the literature (Krooss and 
Leythaeuser, 1997). In this work the effective diffusion coefficient is defined as: 
bulkeffD cgradDJ  ⋅−=           (10-5) 
Here Deff denotes the effective diffusion coefficient [length
2/time] and cbulk is the bulk concentration of the 
species under consideration in the (water-saturated) porous medium (mass per volume of bulk rock).  
Gas diffusion through the rock samples under the experimental conditions can be described as non-
stationary diffusion through a plane sheet. The concentration of the diffusing gas in the plane sheet as a 
function of distance (x) and time (t) is given by Crank, 1975  
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c1 = concentration within the plane sheet at the boundary x=0 (plane sheet / gas phase interface) 
c2 = concentration within the plane sheet at the boundary x=l (top of plane sheet with length l) 
c0 = initial concentration throughout the plane sheet 
Inserting equation (5-6) into equation (5-4) and integrating over time yields the cumulative amount Qout of 
gas that has passed through the plane sheet at time t: 
( )
( )∑
∑
∞
=
⋅⋅+⋅⋅
−
⋅⋅⋅
−
∞
=








−⋅
+⋅
⋅
⋅⋅
+








−⋅
−⋅⋅
⋅
⋅
+⋅−⋅=
0
)12(
22
0
1
2
21
221
2
22
2
22
1
12
1c4
      
1)cos(2
m
l
tmD
l
tnD
n
out
e
m
l
e
n
cncl
l
t
ccDQ
pi
pi
pi
pi
pi
     (10-7) 
With the boundary conditions c0 = 0, c1 = constant (x = 0 and t ≥ 0) and c2 = 0 (x = l and t ≥ 0) equation (A5) 
simplifies to  
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and for t → ∞: 
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Rearranging equation (A7) gives 
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where t0 is denoted as lag time (Krooss and Schaefer, 1987). 
For the evaluation of the diffusion experiments equation (5-9) is fitted to the experimental Q(t) values by 
means of a least-squares procedure and variation of the parameters Q0 and t0: 
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The corresponding expression for equation A6 the amount of diffusing substance that has entered the cap 
rock from the reservoir is given as follows: 
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11 Interaction of Carbon Dioxide with Na-exchanged Montmorillonite at 
Pressures to 640 Bars: Implications for CO2 Sequestration 
11.1 Introduction 
Sequestration of anthropogenic CO2 in deep sedimentary strata is a widely considered option for reducing 
greenhouse gas emissions. The challenge of injecting CO2 into sedimentary rocks is to reliably predict the 
long-term behavior of the CO2; this knowledge is essential for both the commercial and political viability of 
this carbon storage methodology. In particular, the long-term efficacy of the impermeable cap rock in 
sealing the reservoir requires evaluation. Because this cap rock is generally a shale or mudstone rich in clay 
minerals, possibly including swelling clays (Abdou and Ahmaed, 2010), we examined the reaction of the 
swelling clay, montmorillonite (a common smectite), with CO2. 
Krooss et al., 2003 considered CO2 adsorption and diffusion for coal, sandstone, and shale and found that 
shales can retain CO2, although the mechanisms involved are not clear. Nuttall et al., 2005 and Nuttall et al., 
2009 evaluated CH4 and CO2 sorption by black shales in Kentucky and nearby regions. They associated the 
gas sorption capacity with shale organic matter content, although their defined trend showed significant 
outliers for CO2. This suggests that other factors need to be considered in evaluating CO2 sorption capacity, 
such as clay mineralogy. This is confirmed by Fripiat et al., 1974 who studied smectite exchanged with 
different interlayer cations. These smectites were charged with CO2 at pressures <1 bar and temperatures 
of 25 and -70°C. It was concluded that in addition to sorption in inter-lamellar space CO2 also intercalates 
the interlayer space and causes swelling. This was found rather for the low than for the high temperature 
measurement.  
Using triaxial flow and manometric sorption setups, Busch et al. (2008) examined sorption and diffusion of 
CO2 in samples from the Muderong Shale, Australia, and in other selected clay samples to determine the 
sealing performance and storage potential for CO2 of this media at temperatures of 45-50°C and elevated 
pressures (< 20 MPa), thus at conditions of pressure (P) and temperature (T) common for deep sedimentary 
strata. They found that CO2 sorption on clay surfaces is variable (< 1 mmol/g for Muderong Shale, < 1.6 
mmol/g for smectite, but lower for illite and kaolinite). Busch et al. (2008) suggested that the CO2 retention 
in these samples is related to CO2 dissolution in water and sorption onto clay and that alteration reactions 
at high pressures affect the specific surface area of the constituent particles, which would change over time 
with repeated exposure to CO2. Wollenweber (2010) found similar results for carbonate rocks, with 
sorption capacities up to 0.3 mmol/g for marlstone and less than 0.2 mmol/g for relatively pure limestone.  
Primarily by using computer modeling and diffuse-reflectance infrared spectroscopy, Romanov et al., 2010 
tentatively concluded that CO2 may intercalate in the interlayer of smectite. Botan et al., 2010 performed 
molecular simulation studies of CO2 intercalation into Na-exchanged montmorillonite and found that CO2 
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was stable in the interlayer space, but they did not find either expansion or contraction of the interlayer 
space as a result of CO2 intercalation. 
Atomic-scale structural studies involving smectite tend to be experimentally demanding. Intercalation 
reactions at non-ambient conditions often reverse when the experimental charges are returned to room 
temperature and pressure. Thus, structure-related experimental data using diffraction (or spectroscopic) 
techniques are more informative when the experiments are done at the PT conditions of interest. To obtain 
reliable structure information, a high-pressure environmental chamber was developed to study mineral 
interactions with gases at elevated pressure, using X-ray diffraction (XRD) as the analytical tool (Koster van 
Groos and Guggenheim, 2009; Koster van Groos et al., 2003). The focus of the study presented here was to 
investigate the reaction of smectite containing varying amounts of interlayer H2O with CO2 gas and 
supercritical fluid to evaluate whether CO2 can intercalate within swelling clays under subsurface conditions 
likely to exist in carbon sequestration reservoirs. 
11.2 Experimental methods 
11.2.1 High-pressure environmental chambers (HPECs) 
Two distinct HPEC designs have been constructed and used in our laboratory. A reflection-mode chamber 
(RHPEC; Koster van Groos et al., 2003) is mounted on a Siemens D5000 θ-θ powder diffractometer. This 
chamber can be used to 100 bars and to 100°C. Owing to the long X-ray path length within the RHPEC 
(nearly 2 cm), the X-ray intensity exiting the chamber drops rapidly with pressure. The attenuation depends 
on the density of the gas/fluid used to pressurize the chamber; for CO2, the RHPEC cannot be effectively 
used at pressures above about 40-50 bars. 
A second chamber was developed to study the interaction of minerals with a variety of fluids, including 
gases, supercritical fluids, and liquids, e.g., brines; it can also analyze bulk solid samples. This chamber may 
be used to 1000 bars and 200°C. The chamber has a transmission-mode X-ray geometry (THPEC). The 
THPEC mounts on a Bruker D8 three-circle diffractometer, with X-rays transmitted through 1-mm thick 
diamond windows with O-ring pressure seals. Both entry and exit windows are adjustable to alter the 
irradiated volume of the sample. In the present experiments, 10 to 12 mg samples of smectite were placed 
between the diamond windows, which were then adjusted to hold the sample at the center of the chamber 
with window-to-window distances of 0.25 - 0.5 mm. 
11.2.2 Starting material 
A Na-rich montmorillonite (Clay Minerals Society Source Clay SWy-2, Costanzo and Guggenheim, 2001 and 
papers therein) was used as starting material. To remove soluble salts that affect grain-size separation, 
aliquots of SWy-2 were sonified in distilled water and centrifuged to recover the clay. This washing was 
repeated until the addition of AgNO3 to the supernatant showed no precipitation of AgCl. Next, the aliquots 
were grain-size separated to the < 2 μm fraction following Moore and Reynolds, 1997 (pp. 211-213), which 
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removes all or most of the non-clay material. Next, this fraction was cation exchanged by adding 1 M NaCl 
solution to the clay aliquots, agitating the mixture with a sonicator, centrifuging the resulting suspension to 
recover the clay, pouring off the supernatant, then repeating the process two additional times. After the 
final cation exchange, the aliquots were washed until addition of AgNO3 to the supernatant showed no 
precipitation of AgCl. The samples, hereafter referred to as NaSWy2, were combined and stored in sealed 
glass bottles.  
All experiments used “bone dry” grade CO2 from Airgas, which was either used at tank pressure or 
pressurized using an external pump before being introduced into the respective HPEC. 
11.2.3 Sample preparation - THPEC 
A 2 g batch of NaSWy2 was dried at 200°C in a muffle furnace in air for 2 days. (This temperature was used 
for comparison with a sorption study at RWTH Aachen University, Germany.) After drying, the NaSWy2 
formed aggregates and thick films adhering to the sides of the crucible. Some material was scraped 
immediately into an agate mortar, then the crucible was placed in a container of Drierite (anhydrite) 
desiccant. The clay in the mortar cooled to room temperature in air and was broken into mm-size 
aggregates. A 10 mg sample of this air-cooled clay (sample TAc) was analyzed in the THPEC. A sample of the 
clay that had cooled in the desiccator was also analyzed (sample TDc). 
The dried NaSWy2 was crushed to pass a 75 μm sieve. A sample of this crushed material was analyzed 
immediately (sample TGc), while the remaining material was stored in the desiccator; later, a sample was 
taken from the desiccator and placed in a separate container with a saturated solution of MgCl2 (~33% 
relative humidity, RH) for 9 days.  
11.2.4 Sample preparation - RHPEC 
Thin, oriented aggregate mounts of NaSWy2 on small glass slides (~13x18 mm) were prepared using the 
Method 2 procedure in Koster van Groos and Guggenheim, 2009. One mount was prepared using the 
method of Moore and Reynolds, 1997 (pp. 214-5), which produces a thicker sample. The samples were 
either placed directly in a container at a controlled humidity above a saturated salt solution (MgCl2, 33%RH; 
or NaCl, 75%RH) or dried in an oven for several days at 115°C. One of the oven-dried slides was later placed 
in an 11%RH atmosphere (over a saturated solution of LiCl), whereas the other was placed in a desiccator. 
The samples were removed from the controlled humidity atmospheres and loaded quickly in the RHPEC. 
The preparation methods for the THPEC and RHPEC samples are summarized in Table 11-1. 
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Table 11-1. Sample preparation summaries. Asterisks denote samples exposed to He instead of CO2. 
Sample Preparation 
TAc 
Oven dried at 200°C, allowed to cool at room conditions, loaded as large (mm) 
aggregates 
TDc Oven dried at 200°C, cooled in desiccator, loaded as large (mm) aggregates 
TGc As TDc, then crushed to powder in mortar at room atmosphere 
THe* Same preparation as TGc, in desiccator for 5 months, then at 33%RH for 9 days 
T33 Same sample as THe, vented to 1 bar He before adding CO2 
Rov Oven dried at 115°C 
R11 Oven dried at 115°C, held at 11%RH for 12 days 
RHe* Oven dried at 115°C, held at 11%RH for 17 days 
R33 Held at 33%RH for at least 4 days 
R75 Held at 75%RH for several days 
R75th Thick (Moore and Reynolds, 1997) mount, held at 75% RH for several days 
11.2.5 Experimental methods - THPEC 
The THPEC is equipped with a jacket through which heated silicone oil from a NESLAB heater/circulator may 
flow to control temperature (see schematic, Figure 11-1). Temperature was measured with a type-K 
thermocouple located ~1 mm from the sample. The THPEC experiments were run at or near 45°C, although 
data collection was started at a lower temperature for some experiments. Pressure was monitored using an 
external Bourdon-tube style Heise gauge (range 0-1000 bar, believed accurate to ±0.1%). The THPEC was 
not evacuated of air or flushed before experiments to avoid dehydrating the sample. CO2 pressures to ~60 
bars were obtained using bottle gas pressure and higher pressures were obtained using a SC Hydraulic 
Engineering Corporation pump. Samples were allowed to equilibrate with the CO2 (gas or supercritical fluid, 
depending on pressure) for varying lengths of time (hold time) before analysis. The hold time listed is the 
interval between the adjustment of pressure and the start of an X-ray data-collection frame (two-
dimensional XRD photograph) or between the start of two sequential frames. For comparison, several 
series of experiments were made using He. The temperature, pressure, and hold time for each THPEC 
experiment are summarized in Table 11-2. 
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Figure 11-1. Simplified schematic of the THPEC. 
The THPEC was mounted on the Bruker D8 diffractometer with a Mo X-ray tube, which was operated at 45 
kV and 25 mA. The diffractometer was equipped with a graphite monochromator, MonoCap (0.3° 
divergence) collimator, and APEX CCD area detector (1024 x 1024 pixels) at a distance of 120 mm from the 
sample center. All THPEC data frames were collected with the APEX detector centered on 2θ = 0°, which 
produced a range in data of 2θ = 1.5 to 13.6° (d = 27.1 to 3.00 Å). The THPEC frames were collected for 
times varying from 600 s (10 min) to 2400 s (40 min), with most frames collected for 1200s (20 min). Data 
collection used the Bruker application SMART (v. 5.6.635, 2010). A typical THPEC data frame is presented in 
Figure 11-2. 
 
Figure 11-2. Raw data from the THPEC (frame TAc0) showing the integration area (the wedge left of the 
beam-stop shadow). Integration of this frame resulted in the plot shown in Figure 11-3. 
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Table 11-2. Experimental conditions for THPEC data collection and resulting (001) peak center positions and 
spacings. Most THPEC frames were collected for a 1200 s exposure time, with exceptions noted. Pressures in 
italics denote P(He) instead of P(CO2). 
Frame T (°C) P(CO2 or He) Hold time Peak center (°) d(001) (Å) 
TAc01 323 0 bars - 3.93 10.37 
TAc12 363 52 bars 0 hr 3.64 11.20 
TAc22 46 44 bars 11 hr 20 min 3.64 11.20 
TAc32 46 36 bars 11 hr 20 min 3.66 11.14 
TAc42 46 29 bars 11 hr 20 min 3.68 11.08 
TAc52 46 21 bars 11 hr 20 min 3.71 10.99 
TDc1 253 0 bar - 4.03 10.12 
TDc3 45 5 bars 2 hr 4.01 10.17 
TDc4 45 13 bars 18 hr 4.02 10.14 
TDc5 45 21 bars 30 min 4.01 10.17 
TDc6 46 41 bars 30 min 3.98 10.24 
TDc7 46 36 bars 22 hr 4.01 10.17 
THe0 423 0 bar 0 hr 3.70 11.02 
THe60 46 59 bars 1 hr 3.70 11.02 
THe60a 46 59 bars 3 hr 40 min 3.68 11.08 
THe60b 46 59 bars 3 hr 40 min 3.66 11.14 
THe60c 46 59 bars 3 hr 40 min 3.63 11.24 
T33-0 45 1 bar < 30 min 3.62 11.27 
T33-60 46 57 bar + 1 bar 1 hr 3.32 12.29 
T33-60a 46 57 bar + 1 bar 4 hr 3.34 12.21 
TGc1 243 0 bar - 3.58 11.39 
TGc72 46 48 bars 14 hr 3.35 12.18 
TGc11 46 60 bars 1 hr 3.34 12.21 
TGc80a 46 80 bars 0 hr 3.38 12.07 
TGc80c 46 65 bars 1 hr 3.38 12.07 
TGc100b 46 105 bars 30 min 3.38 12.07 
TGc200c2 46 204 bars 6 hr 40 min 3.38 12.07 
TGc400b 46 414 bars 30 min 3.32 12.29 
TGc14 47 640 bars 1 hr 3.36 12.14 
TGc50D 45 53 bars 0 hr 3.28 12.44 
TGc40D 45 41 bars 0 hr 3.31 12.33 
TGc30D 46 32 bars 0 hr 3.36 12.14 
TGc20D 46 21 bars 0 hr 3.40 12.00 
TGc15 46 16 bars 0 hr 3.44 11.86 
TGc16 46 11 bars 20 min 3.48 11.72 
TGc17 45 6 bars 20 min 3.52 11.59 
TGc18 45 3.5 bars 20 min 3.62 11.27 
TGc19 45 1 bar 30 min 3.93 10.38 
1 - Frame collected over 600 s 
2
 - Frame collected over 2400 s 
3
 - Frames started at temperatures significantly below the set point (45°C).  
Temperature increased toward the set point over the course of data collection. 
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11.2.6 Experimental methods - RHPEC 
The RHPEC samples were run at 25 ± 3°C. Pressure conditions were obtained from a digital Heise gauge. 
The RHPEC was not evacuated or flushed before experiments to avoid changing the water content of the 
sample. After each pressure change, samples were equilibrated for a minimum of 10 min before analysis. 
Gas pressure and results for RHPEC experiments are summarized in Table 11-3. 
The RHPEC was mounted on the Siemens D5000 diffractometer with a Cu X-ray tube, which was operated 
at 40 kV and 25 mA. Each RHPEC scan used a 0.02 degree step size and 1.25 s dwell time. Data collection 
used the DataScan application (MDI, v. 4.3.355, 2005). 
11.3 Data processing 
The THPEC data were corrected for air scattering and other background.  An empirical correction was 
applied using a frame collected from the THPEC packed with fluorite (CaF2) with 0.5 mm spacing. Fluorite 
has no low-angle diffraction peaks, so the low-angle intensity in the fluorite frame was essentially from 
background scattering. Fluorite has a higher X-ray attenuation factor than montmorillonite; the resulting 
background intensity of the fluorite frame was lower than the data frame intensity for all experiments. This 
background frame was subtracted from the experimental data frame. 
Background-corrected THPEC data were integrated over arcs of constant 2θ by the Bruker application 
GADDS (v. 4.1.14, 2003), using a bin size of 0.1° and an arc length of 50°, to generate intensity vs. 2θ 
datasets. Given the geometry of the experiment and the pixel density of the area detector, the statistical 
advantage of using smaller bin sizes was negligible. 
Typical integrated THPEC and RHPEC data are presented in Figure 11-3. The THPEC diffraction patterns are 
similar to random mount patterns for turbostratic smectite (Moore and Reynolds, 1997, p. 338). The RHPEC 
samples show only (00l) peaks owing to preferred orientation; the higher order (002), (003), and (004) 
peaks are apparent for scans with a sharp (001) peak. No impurity phases were detected in the THPEC or 
RHPEC samples. 
The (001) peak centers at half maximum for both THPEC and RHPEC data are listed in Table 11-2 and Table 
11-3, respectively. Peak centers determined from half maximum peak heights are a more reliable 
determination than using the peak summit. The (001) peak center (which is measured directly as an angle) 
corresponds to a specific (001) spacing or d(001) value, which is a distance calculated from the Bragg 
equation (e.g., see Moore and Reynolds, 1997, p. 69). This value represents an average interlayer spacing or 
repeat distance (“d” in Figure 11-4) over all diffracting particles in the sample. 
 
 
11. Interaction of Carbon Dioxide with Na-exchanged Montmorillonite... 
253 | P a g e  
Table 11-3. Experimental conditions for RHPEC data collection and peak center results. Most RHPEC scans 
were collected after a 10 min hold time at pressure (20 min for sample R75th; exceptions noted). 
Experiments were conducted at ambient temperature (~25°C). Pressures in italics denote P(He) instead of 
P(CO2). 
Scan P(CO2 or He) Center (°) d(001) (Å) Scan P(CO2 or He) Center (°) d(001) (Å) 
Rov1 0 bar 8.94 9.89 R75-1 0 bar 6.88 12.87 
Rov2 1 bar 8.92 9.92 R75-2 0 bar 6.88 12.87 
Rov3 2 bar 8.88 9.96 R75-3 1 bar 7.12 12.43 
Rov4 5 bar 8.94 9.89 R75-4 2 bar 7.12 12.43 
Rov5 10 bar 8.88 9.96 R75-5 3 bar 7.06 12.54 
Rov6 21 bar 8.78 10.07 R75-6 4 bar 7.10 12.47 
Rov71 31 bar 8.62 10.26 R75-71 5 bar 7.06 12.54 
Rov8 2 bar 8.78 10.07 R75-8 6 bar 6.98 12.68 
RHe1 0 bar 7.74 11.43 R75-9 7 bar 6.98 12.68 
RHe2 1 bar 7.62 11.61 R75-10 8 bar 6.94 12.76 
RHe3 2 bar 7.70 11.49 R75-11 9 bar 6.96 12.72 
RHe4 3 bar 7.66 11.55 R75-121 10 bar 6.96 12.72 
RHe5 4 bar 7.60 11.64 R75-13 11 bar 6.96 12.72 
RHe6 5 bar 7.66 11.55 R75-14 12 bar 6.94 12.76 
RHe7 10 bar 7.50 11.80 R75-15 13 bar 6.98 12.68 
RHe8 21 bar 7.60 11.64 R75-16 14 bar 6.98 12.68 
RHe9 31 bar 7.58 11.67 R75-17 15 bar 6.92 12.79 
RHe10 41 bar 7.58 11.67 R75-18 16 bar 6.94 12.76 
RHe11 52 bar 7.52 11.77 R75-19 17 bar 6.96 12.72 
R11-1 0 bar 8.88 9.96 R75-20 18 bar 6.92 12.79 
R11-2 1 bar 8.86 9.98 R75-21 20 bar 6.86 12.90 
R11-3 2 bar 8.88 9.96 R75-22 21 bar 6.88 12.87 
R11-4 3 bar 8.80 10.05 R75-23 22 bar 6.88 12.87 
R11-5 8 bar 8.80 10.05 R75-24 23 bar 6.92 12.79 
R11-6 10 bar 8.78 10.07 R75-25 24 bar 6.90 12.83 
R11-7 16 bar 8.58 10.31 R75-26 25 bar 6.88 12.87 
R11-8 21 bar 8.50 10.41 R75-27 26 bar 6.90 12.83 
R11-91 31 bar 8.40 10.53 R75-28 29 bar 6.82 12.98 
R11-10 14 bar 8.32 10.63 R75-29 31 bar 6.80 13.02 
R11-11 11 bar 8.24 10.74 R75th1 0 bar 7.04 12.57 
R11-12 8 bar 8.28 10.68 R75th2 0 bar 7.04 12.57 
R11-13 6 bar 8.24 10.74 R75th3 1 bar 7.06 12.54 
R11-14 4 bar 8.26 10.71 R75th4 1 bar 7.04 12.57 
R11-15 3 bar 8.36 10.58 R75th5 2 bar 7.04 12.57 
R11-16 2 bar 8.36 10.58 R75th61 2 bar 7.06 12.54 
R11-17 1 bar 8.48 10.43 R75th7 2 bar 7.06 12.54 
R33-1 0 bar 7.06 12.54 R75th8 3 bar 7.06 12.54 
R33-2 1 bar 7.06 12.54 R75th9 3 bar 7.04 12.57 
R33-3 2 bar 7.06 12.54 R75th10 4 bar 7.06 12.54 
R33-4 6 bar 7.04 12.57 R75th11 6 bar 7.06 12.54 
R33-5 10 bar 7.06 12.54 R75th12 10 bar 7.04 12.57 
R33-6 22 bar 7.04 12.57 R75th13 26 bar 7.02 12.61 
R33-71 33 bar 7.04 12.57 R75th14 31 bar 7.06 12.54 
R33-8 14 bar 7.06 12.54 R75th151 41 bar 7.02 12.61 
R33-9 11 bar 7.08 12.50 R75th16 19 bar 7.08 12.50 
R33-10 6 bar 7.08 12.50 R75th17 11 bar 7.06 12.54 
R33-11 3 bar 7.08 12.50 R75th18 7 bar 7.06 12.54 
R33-12 2 bar 7.08 12.50 R75th19 5 bar 7.06 12.54 
R33-13 1 bar 7.10 12.47 R75th20 3 bar 7.08 12.50 
R33-14 1 bar 7.10 12.47 R75th21 2 bar 7.06 12.54 
    R75th22 1 bar 7.08 12.50 
    R75th23 1 bar 7.06 12.54 
1 – Sample was held ~16 h between this scan and the next scan.  
11. Interaction of Carbon Dioxide with Na-exchanged Montmorillonite... 
254 | P a g e  
 
Figure 11-3. Diffraction patterns of typical starting material (samples TAc and R75th). The THPEC data have 
been integrated, but no background correction has been applied. THPEC samples are random mounts and 
show the prominent, asymmetric (02;11) turbostratic band as well as the (001) interlayer peak. RHPEC 
samples are oriented aggregates on glass slides and show only (00l) series peaks. No impurity peaks are 
visible. 
 
Figure 11-4. Structure of Na-exchanged montmorillonite (after Cygan et al. 2004). Area “a” is the interlayer, 
including interlayer Na+ (spheres) and H2O groups, whereas “b” shows the silicate sheet. Region “a” is 
expandable, whereas region “b” is essentially rigid. “d” shows the d(001) layer repeat distance, which is 
about 12.1 Å in this figure. 
11.4 Experimental results 
11.4.1 THPEC results 
Sample TAc. At 0 bars, the sample has a (001) spacing of 10.37 Å, increasing P(CO2) to 52 bars results in an 
increase in the (001) spacing to 11.20 Å. When P(CO2) was gradually reduced to 21 bars the (001) spacing 
decreased to 10.99 Å (Figure 11-5a). 
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Sample TDc. In this sequence, the sample was taken from the desiccator without apparent change by 
ambient humidity. Increasing P(CO2) to 52 bars did not result in an increase in the (001) spacing (Figure 
11-5b).  
Sample THe/T33. In this sequence (Figure 11-5c), sample THe was stored at RH = 33%. After exposure to 
P(He) = 59 bars, the (001) spacing changed little between scans over 12.5 h (Frame THe0 - THe60c, Table 
11-2). Next, He was released and the chamber was pressurized with 57 of CO2 resulting in an increase in 
(001) spacing to 12.21 Å (Frame T33-0 – T33-60a, Table 11-2).  
 
Figure 11-5. Data, collected using Mo radiation, integrated and background corrected, showing the 
migration of the (001) peak as a function of CO2 (or He) partial pressure. Intensities are normalized by 
exposure time. Data are shown in chronological order from bottom to top. See Table 11-1 for sample 
preparation details. (a) Sample TAc. (b) Sample TDc. (c) Sample THe/T33. (d) Sample TGc. 
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Sample TGc. Pressurizing the chamber to 48 bars of CO2 resulted in a sharpening of the peak and a shift to a 
higher (001) spacing from 11.39 to 12.18 Å. Further increase in pressure to 640 bars resulted in little change 
of the (001) spacing (Frame TGc7 – TGc14, Table 11-2). A decrease to P(CO2) to 53 bars increased the (001) 
spacing to 12.44 Å. Finally, a gradual reduction of pressure from 53 bars to 1 bar resulted in a considerable 
decrease in d(001) to 10.38 Å (Figure 11-5d), which is significantly lower than the original spacing at 11.39 
Å. This hysteresis effect is shown in Figure 11-6, as well as the general relation between P(CO2) and layer 
spacing for this sample and sample R11 (see below). 
 
Figure 11-6. Center of the (001) peak plotted against partial pressure of CO2 for samples TGc (diamonds) 
and R11 (triangles). Solid symbols indicate that data were collected while the pressure was being increased, 
and open symbols indicate that data were collected as the pressure was lowered. Arrows indicate the 
chronological progress of the experiment; dashed arrows indicate a pressure range that was passed over 
with no data frames collected. 
In contrast to the (001) peak, the (02;11) peak (Figure 11-3), a diffraction band representing turbostratic 
layers, retains its position and shape, as is expected because diffraction bands originate from within the 
layers and they are not related to layer spacing. 
11.4.2 RHPEC results 
Sample Rov. The diffraction patterns for this sample (Figure 11-7a) do not change or change slightly 
between 0 and 10 bars. At higher pressures (21 - 31 bars), the intensity of the (001) peak diminishes and 
the peak occurs at slightly higher (001) spacings, although the precise location is uncertain owing to the 
reduction of peak size. The final scan, at 2 bars, is similar to the earlier scan at 2 bars. 
Sample RHe. In this sequence of scans with He pressure, the peaks are not well developed. There is a small 
and irregular increase in (001) spacing with pressure (Figure 11-7b). 
Sample R11. From 0 – 10 bars, the (001) spacing (9.98 – 10.07 Å) does not change in position. At higher CO2 
pressures (16 – 31 bars), the (001) spacing increases with pressure (to 10.53 Å), and they show a further 
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increase (to 10.74 Å) at 6 bars. As pressure is released further the spacing is reduced until the pressure 
reaches 1 bar (10.43 Å) (Figure 11-7c). Note in Figure 11-6 that the d values do not return to the original 
spacing, indicating hysteresis. 
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Figure 11-7. RHPEC data, collected using Cu X-rays, showing the migration of the (001) peak as a function of 
CO2 (or He) partial pressure. Data are shown in chronological order from bottom to top. See Table 11-1 for 
sample preparation details. (a) Sample Rov. (b) Sample RHe. (c) Sample R11. (d) Sample R33. (e) Sample 
R75. (f) Sample R75th. 
Sample R33. No significant change in the (001) spacing (~12.54 Å) was observed for this sample over the 
pressure range of P(CO2) = 0 - 33 bars (Figure 11-7d). 
Sample R75. This sample (Figure 11-7e) showed an initial decrease in (001) spacing (12.87 Å) at P(CO2) = 0 
to 12.45 Å at 1 bar. This decrease in the (001) spacing of the R75 sample from 12.8 Å in air to 12.5 Å with 
the addition of 1 bar CO2 suggests a change in relative humidity upon loading in the environmental 
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chamber. At higher pressures, the (001) spacing is not well defined but appears to gradually increase to 
d(001) of ~13.0 Å at 31 bars, larger than its original starting value.  
Sample R75th. As in sample R33, a ≤ 0.11 Å change in (001) spacing was observed for this sample between 
P(CO2) = 0 – 41 bars (Figure 11-7f). Repeated experiments with longer hold times (up to 16 h) did not 
produce significantly different results.  
11.5 Discussion 
Figure 11-8 shows the maximum d(001) for each sample as a function of the initial d(001). The initial H2O 
content of the interlayer is measured by the d(001) value and ranges from little to no H2O [d(001) = ~9.89 
Å] to one H2O plane [d(001) = ~12.5 Å]. The straight line represents no interlayer expansion. Significant 
expansion in the presence of CO2 occurs when the initial d(001) values are between 10 and 11.5 Å; no 
expansion is observed with initial d(001) values above 12.5 Å. Thus, the intercalation of CO2 in NaSWy2 is a 
function of the H2O content of the interlayer. It is assumed that CO2 is able to intercalate the interlayer 
space in collapsed smectites (d(001)~10 Å) which, however does not cause swelling. This is based on 
measurements by Busch et al. (2008) who showed significant CO2 sorption for illite and smectite clays 
dehydrated at 200°C for several hours. Contrary to our finding, Fripiat et al. (1973) report interlayer 
expansion for collapsed smectite up to 12.3 Å at low (-70°C) temperature. The reasons are unclear and 
might be related to the larger sorption amounts that can be expected at the low temperature used in the 
Fripiat study. 
 
Figure 11-8. Maximum value of the (001) spacing under CO2 or He pressure as a function of the initial (001) 
spacing (affected by H2O content). Boxes signify THPEC samples and triangles signify RHPEC samples. Filled 
symbols show the results of CO2 experiments and open symbols signify He experiments. 
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This study suggests that at low H2O concentrations in the interlayer, interlayer swelling caused by sorbing 
CO2 is dependent on the presence of a small number of H2O molecules. Similarly, if the interlayer contains 
about one H2O layer, possibly further CO2 intercalates into the structure but causes no fuether interlayer 
expansion. At intermediate interlayer H2O content, e.g., d(001) = 11.4 Å, CO2 enters the interlayer, but does 
not exceed one layer of H2O + CO2 [d(001) ≈ 12.5 Å]. 
Montmorillonite forms aqueous complexes that are well understood. The hydration of montmorillonite 
interlayers involves discrete numbers of H2O groups. These cause the individual interlayers to assume one 
of a series of characteristic spacings (MacEwan and Wilson, 1984). The silicate (2:1) layer is rigid or semi-
rigid and is little affected by H2O sorption (Figure 11-4); the different (001) spacings are caused by the 
presence of different numbers of H2O planes within the interlayer. A montmorillonite interlayer with no 
H2O has a layer-to-layer spacing of about 9.6 Å (with a designation of 0W in the notation of Ferrage et al., 
2005, whereas an interlayer with one plane of H2O groups (1W) has a spacing near 12.5 Å. The series 
continues, with ~15.5 Å (2W); larger spacings occur also. Bulk montmorillonite often shows broad, low 
intensity diffraction peaks centered at intermediate positions owing to the presence of interlayers with 
different spacings in random sequence in the individual crystallites. Other conditions could result in the 
presence of multiple distinct peaks, but is not observed in the diffraction data presented here. 
Our initial diffraction data (before exposure to CO2) for each sample fit this paradigm (Figure 11-5 and 
Figure 11-7). Sample TDc, which was thoroughly dried, had dominantly 0W interlayers, resulting in a 
relatively sharp and intense (001) peak centered near the 0W value (~ 9.9 Å). Sample Rov, also dried in an 
oven, presumably adsorbed a small number of H2O during handling, resulting in a diffraction peak near 10 Å 
but showing some intensities representing higher d(001). Other THPEC samples (TAc, THe/T33, and TGc) 
and sample R11 show broad, asymmetric, low-intensity peaks at d(001) values of 10.37 – 12.44 Å, which 
indicate that both 0W and 1W interlayers are present. Sample R33, a thin mount on a glass slide, 
equilibrated more fully with the atmosphere inside the aging container and was more hydrated than the 
corresponding bulk THPEC sample THe/T33; it was dominated by 1W layers, as seen by Ferrage et al., 2005 
for samples at similar relative humidity. R75th was similar, and may not have reached complete equilibrium 
at 75% RH. R75 had mostly 1W interlayers and a few interlayers with 2W spacings (Ferrage et al., 2005). 
Figure 11-8 shows an apparent nonlinear relationship between the initial d(001) of NaSWy2 and the 
maximum d(001) under CO2. Sample TDc, with an initial (001) spacing of ~10 Å and mainly 0W interlayers, 
did not expand. Samples Rov and R11, although their peak centers indicated a spacing <10 Å, had long tails 
to lower angles and must have contained a considerable number of 1W layers among the dominant 0W 
layers; they expanded less than 1 Å. Samples with initial (001) spacings of 10-11.5 Å expanded ~1 Å, or 
~10%; these samples contained sizable initial quantities of both 0W and 1W interlayers. The three samples 
with initial (001) spacings ≥ 12.5 Å did not swell. These samples had mainly 1W interlayers. 
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These observations suggest a model for CO2 intercalation. Montmorillonites intercalated with aqueous 
complexes contain complex cations and/or polar species, owing to the negative charge on the silicate 
layers. Nonpolar molecules do not usually intercalate. Although CO2 is a rigid, nonpolar linear molecule, CO2 
may react with H2O groups from clay surfaces and interlayers to form H2CO3 and HCO3
-. These latter groups 
may interact electrostatically with the adjacent basal oxygen planes and the interlayer cations, and 
therefore may be the C-bearing complexes in the interlayer. This would explain why at very small H2O 
contents, little expansion occurs, because the small quantity of H2O groups in the interlayer limits the 
ability of CO2 to form these complexes. As H2O content increases, a greater number of these complexes can 
form. These complexes probably lay flat within the interlayer to maximize the number of bonds with the 
basal oxygen and siloxane planes of the 2:1 layers and to decrease volume. The thickness of a flat-lying CO3 
complex is approximately equal to that of an O ion or an H2O molecule, and thus a fully carbonated clay 
complex is likely to have a (001) spacing equivalent to a 1W interlayer.  This model explains why 
expansion does not proceed beyond an (001) spacing of ~12.5 Å and, therefore, the lack of expansion for 
the more hydrated RHPEC samples: CO2 intercalation may occur for samples with all 1W interlayers, 
although the (001) spacing remains the same.  This model may be confirmed using other methods, such as 
vibrational spectroscopy. 
In this study, a series of control experiments involving He were conducted. In the THPEC series, He-exposed 
samples expanded from 11.02 to 11.24 Å, whereas in the RHPEC the samples expanded from 11.43 to 11.77 
Å. Because He probably does not interact with the interlayer, the expansion is most likely related to an 
increase in the activity of H2O with an increase in He pressure.  
In summary, the Na-exchanged SWy-2 structure expands by approximately 10% with increasing P(CO2) to ~ 
50 bars at 45 oC where small amounts of H2O are present in the interlayer.  
11.5.1 Geologic significance 
We have shown that CO2 can significantly affect the structure of Na-exchanged montmorillonite. These 
results are relevant to any carbon sequestration project involving a caprock or reservoir containing these or 
other expandable clays. The potential exists for CO2 to cause swelling of this mineral fraction, which could 
then cause structural changes to the caprock, possibly swelling pores shut, but also potentially causing 
formation cracking. Further experimental work is needed to examine the existence and extent of this effect 
for smectites besides montmorillonite and interlayer cations other than Na. 
In particular, it will be important to consider the effect of CO2 on clays more hydrated than 1W. At the 
outset of these experiments, the most likely result was thought to be dehydration of montmorillonite by 
CO2, but this is clearly not the dominant behavior at low H2O contents. The R75 data suggest that there may 
be an H2O activity and CO2 pressure range where dehydration is important. Thus, in a single reservoir, CO2 
may cause dehydration of clays in some regions, whereas in other regions it causes swelling. 
11. Interaction of Carbon Dioxide with Na-exchanged Montmorillonite... 
262 | P a g e  
The range of pressures over which swelling occurs is also an important target for further research. Thus, it 
is possible that at increasing pressures and variable salt concentrations, the intercalation of CO2 could be 
reversed, depending on the activities of H2O and CO2.  Also, clay-bearing rocks with depositional fabric (i.e., 
shale) may in some reservoirs be subject to uniaxial pressure, which has the potential to be oriented at an 
angle to the basal planes of most of the clay particles and thus affect CO2 intercalation. It is evident that 
temperature, pressure, and chemical range of the swelling regime are important parameters in any 
possible contraction regime of montmorillonite under CO2 pressure. Thus, the rock-mechanical effects of 
the swelling and the consequences for capillary transport of CO2 and other fluids through caprocks and 
reservoirs require much more study before the effects can be incorporated into models to predict reservoir 
and caprock stability. 
The range of pressures (0 – 50 bars) over which CO2 intercalation was observed is also relevant to planetary 
atmospheres. Although current Earth and Mars have too little CO2 in their atmospheres, historic Earth and 
Mars may have had atmospheres with sufficient CO2 for smectites to swell from carbonate intercalation. 
This may have had a variety of consequences on the soils, sediments, and diagenetic processes of the time. 
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12 X-ray diffraction study of K- and Ca-exchanged montmorillonites in CO2 
atmospheres 
12.1 Introduction 
Geological carbon sequestration involving the injection of CO2 into deep saline aquifers has been proposed 
to reduce global warming. There are many geotechnical and engineering hurdles to overcome to plan and 
implement a safe and effective CO2 sequestration project. These include evaluation of the aquifer and its 
overlying caprock to determine their capacity to stratigraphically trap injected supercritical CO2 (Brennan et 
al., 2010; Gaus et al., 2005). Sedimentary caprocks may be comprised of carbonates (Barnes et al., 2009), 
shales and/or other clay-rich rocks (Comerlati et al., 2006; Lu et al., 2011), or evaporites such as anhydrite 
or halite (Hangx et al., 2010a). 
Clay-rich caprocks are heterogeneous and the migration of fluid through these low-permeability formations 
generally occurs along fractures or a microporous capillary network (Hildenbrand et al., 2004b). The CO2 
confined in such a system will react with its contents, both as the pure phase and as carbonate dissolved in 
groundwater, with the rate and progress of the reactions strongly affected by formation heterogeneities (Li 
et al., 2007). These reactions may increase or decrease the porosity and permeability of the caprock. 
Krooss et al., 2003 and Busch et al., 2008 among others, have examined sorption of CO2 by clay and shale 
and found sorption to be a volumetrically significant process, although the mechanism of CO2 interaction 
with the clay is not clear from these investigations. Many shales and mudrocks contain significant smectite 
and interstratified illite-smectite (Dudek and Srodon, 2003; Lindgreen et al., 2000; Srodon, 2010), a reactive 
mineral fraction that could interact with supercritical CO2. CO2 could dehydrate these swelling clays, causing 
shrinkage and microfracturing (Chertkov and Ravina, 2001). On the other hand, Fripiat et al., 1974 found 
intercalation of CO2 into smectite clay at cryogenic conditions. Giesting et al., 2012a examined Na-
exchanged montmorillonite (a smectite) under pressure using in situ X-ray diffraction (XRD) and found that 
instead of shrinking, the clay swelled by up to ~10% in the [001] direction under CO2 atmosphere at 
pressures ≤640 bar and temperatures of 22-45 °C. These results suggest that CO2, instead of dehydrating 
the montmorillonite, migrated into its interlayers and caused swelling. Thus, CO2 and water may have 
similar effects on aquifers and caprocks with significant amounts of swelling clay. In addition, shales 
containing smectite can absorb CO2. 
The mechanism of CO2 intercalation into montmorillonite is difficult to determine from XRD analysis, but 
the amount of swelling can be predicted by the initial hydration state of the clay prior to the experiment. 
Using the nomenclature of Ferrage et al., 2005 where a 0W smectite has no interlayer H2O groups and a 1W 
smectite interlayer has a single plane of these groups, Giesting et al., 2012a found that only clays with 
mixed populations of 0W and 1W interlayers showed significant swelling. Thoroughly dehydrated (all 0W 
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interlayers) or largely water-saturated (all 1W) samples did not respond structurally to CO2 at the 
conditions studied. 
The focus of the present study was to investigate the reaction of K and Ca-exchanged montmorillonite in 
different hydration states with CO2 to determine whether CO2 causes swelling or dehydration in these clays 
and whether these responses were reversed upon depressurization. We also investigated the kinetics of 
the forward and reverse reactions. 
12.2 Experimental methods 
12.2.1 Equipment 
The reflection-mode high-pressure environmental chamber (RHPEC) (Koster van Groos et al., 2003) is 
mounted on a Siemens D5000 θ-θ powder diffractometer. This chamber can be pressurized to 100 bars and 
heated to 100 °C. Owing to the long X-ray path length within the RHPEC (nearly 2 cm), the X-ray intensity 
exiting the chamber drops rapidly with pressure. This attenuation depends on the density of the gas or fluid 
used to pressurize the chamber; for CO2, the RHPEC cannot be effectively used at pressures above ~40 bars. 
12.2.2 Starting material 
A Na-rich montmorillonite (Wyoming smectite SWy-2, Costanzo and Guggenheim, 2001) was used as 
starting material. Purification, grain size selection, and cation exchange (using 1 M KCl or 0.1 M CaCl2) were 
described previously (Giesting et al., 2012a). 
All experiments used bone dry (<10 ppm H2O) CO2 from Airgas, which was regulated from tank pressure 
before being introduced into the RHPEC. 
12.2.3 Sample preparation 
Thin, oriented aggregate mounts of KSWy-2 or CaSWy-2 on glass slides were prepared using the method of 
Moore and Reynolds, 1997 (pp. 214-5). Each sample was then exposed to one of a range of relative 
humidities. Some samples were dried by heating in a muffle furnace at 70-110 oC, after which they were 
placed in a desiccator above Drierite (anhydrite with a cobalt indicator). One KSWy-2 sample was placed 
directly in the desiccator. Other samples were placed in closed containers in the presence of saturated salt 
solutions: LiCl (11% RH), MgCl2 (33% RH), Mg(NO3)2 (55% RH), or NaCl (75% RH). Because the dehydration of 
CaSWy-2 is sluggish, the 11% RH samples were dried in an oven first and then placed in the LiCl container to 
age. After aging, the samples were removed from the controlled humidity atmospheres and loaded quickly 
in the RHPEC. The sample preparation methods are summarized in Table 12-1. 
. 
12. X-ray diffraction study of K- and Ca-exchanged montmorillonites in CO2 atmospheres 
265 | P a g e  
Table 12-1. Sample preparation summaries. 
Sample Preparation 
KSWy-2-ov Dried at 70 oC, held in desiccator 7 days 
KSWy-2-11 Held at 11% RH > 23 days 
KSWy-2-33 Held at 33% RH 14 days 
KSWy-2-55 Held at 55% RH 16 days 
KSWy-2-75 Held at 75% RH > 45 days 
KMR-oven Dried at 70 oC, held in a desiccator ~14 days 
KMR-des Held in a desiccator 47 days 
KMR-11 Held at 11% RH 49 days 
KMR-75 Held at 75% RH 52 days 
CaSWy-2-ov Dried at 115 oC 16 days, cooled in desiccator 
CaSWy-2-ov11 Dried at 115 oC 8 days, held at 11% RH 8 days 
CaSWy-2-33 Held at 33% RH 
CaSWy-2-75 Held at 75% RH 7 days 
CaMR-ov Dried at 80 oC, held in desiccator 18 days 
CaMR-ov2 Dried at 78 oC, cooled in air 
CaMR-des Held in a desiccator 13 days 
CaMR-11 Dried at 80 oC, held at 11% RH 14 days 
CaMR-33 Held at 33% RH 20 days 
CaMR-75 Held at 75% RH 70 days 
12.2.4 Experiment Design 
In the short-term experiments (K/CaSWy-2-xxx), samples were treated similarly to the NaSWy-2 RHPEC 
samples in Giesting et al., 2012a. They were subjected to sequential increases and decreases of CO2 
pressure (these changes took < 1 min), followed by a short equilibration period (~10 min) before analysis. 
Total time elapsed during the experiments is shown in Table 12-2. 
A second group of experiments, referred to as the kinetics experiments (K/CaMR-xxx), were designed to 
test the tentative conclusion in Giesting et al., 2012a that the montmorillonite-CO2 reaction reaches 
equilibrium over timescales of tens of minutes by checking for longer-term structural changes. In these 
experiments, each pressure change (< 1 min) was followed by a short equilibration period (~10 min) and an 
initial scan, then one or more additional scans were taken after a period of hours. These times are listed in 
Table 12-3. Alternation of plain and boldface type is used in Table 12-3 to emphasize where pressure 
adjustments were performed. 
Sample 
Center 
(º) 
d(001) 
(Å) 
P(CO2) 
(bar) 
Total time 
(hr) 
Sample 
Center 
(º) 
d(001) 
(Å) 
P(CO2) 
(bar) 
Total time 
(hr) 
Sample 
Center 
(º) 
d(001) 
(Å) 
P(CO2) 
(bar) 
Total 
time (hr) 
KSWy-2-
ov 
8.60 10.3 0  
KSWy-2-
55 
7.37 12.0 0  
CaSWy-
2-ov11 
(cont.) 
7.07 12.5 2 1.6 
8.57 10.3 1 0.8 7.33 12.0 1 0.8 7.13 12.4 3 2.4 
8.56 10.3 2 1.6 7.34 12.0 2 1.6 6.96 12.7 6 3.2 
8.46 10.4 5 2.5 7.31 12.1 5 2.4 6.91 12.8 10 4.0 
8.04 11.0 10 3.3 7.28 12.1 10 3.3 6.88 12.8 16 5.0 
7.75 11.4 16 4.2 7.29 12.1 16 4.2 6.86 12.9 21 5.7 
7.55 11.7 21 5.0 7.24 12.2 21 5.0 6.80 13.0 31 6.8 
7.51 11.8 31 5.8 7.27 12.1 31 5.8 7.10 12.4 13 24.1 
7.41 11.9 41 6.7 7.28 12.1 41 6.9 7.23 12.2 7 25.7 
7.47 11.8 16 25.0 7.26 12.2 17 25.0 7.25 12.2 4 27.1 
7.44 11.9 11 25.9 7.30 12.1 11 25.7 7.25 12.2 3 27.9 
7.51 11.8 6 26.8 7.32 12.1 6 26.7 7.23 12.2 2 30.0 
7.58 11.6 3 27.7 7.36 12.0 3 27.5 7.27 12.1 1 30.7 
7.72 11.4 2 28.7 7.37 12.0 2 28.3 
CaSWy-
2-33 
7.04 12.5 0  
7.85 11.2 1 29.7 7.44 11.9 1 29.1 7.03 12.6 1 0.9 
KSWy-2-
11 
7.67 11.5 0  
KSWy-2-
75 
7.73 11.4 0  6.99 12.6 2 1.7 
7.64 11.6 1 0.8 7.67 11.5 2 0.8 6.95 12.7 6 2.5 
7.63 11.6 2 2.1 7.64 11.6 5 1.6 6.92 12.8 10 3.6 
7.60 11.6 5 2.9 7.63 11.6 10 2.4 6.92 12.8 15 4.4 
7.51 11.8 10 3.8 7.56 11.7 16 4.0 6.91 12.8 21 5.2 
7.41 11.9 16 4.6 7.69 11.5 21 5.1 6.94 12.7 21 23.9 
7.41 11.9 21 5.4 7.54 11.7 31 6.0 6.97 12.7 16 24.8 
7.39 11.9 31 6.5 7.65 11.5 13 23.9 7.02 12.6 11 25.6 
7.39 11.9 41 7.4 7.65 11.5 9 24.7 7.04 12.5 5 47.7 
7.43 11.9 18 23.8 7.68 11.5 6 25.4 7.04 12.5 3 48.5 
7.40 11.9 12 24.9 7.75 11.4 3 26.2 7.05 12.5 2 49.4 
7.43 11.9 6 25.8 7.80 11.3 2 27.2 7.09 12.5 1 51.7 
7.44 11.9 3 26.7 7.75 11.4 1 28.0 
CaSWy-
2-75 
7.07 12.5 0  
7.47 11.8 2 27.7 7.69 11.5 1 167.5 7.07 12.5 1 1.8 
7.50 11.8 1 28.8 
CaSWy-
2-ov 
7.53 11.7 0  7.03 12.6 2 2.9 
KSWy-2-
33 
7.44 11.9 0  7.46 11.8 1 0.8 7.03 12.6 3 3.4 
7.44 11.9 1 0.9 7.34 12.0 2 1.7 7.00 12.6 6 4.3 
7.45 11.9 3 1.8 7.42 11.9 3 2.5 6.93 12.7 10 5.1 
7.42 11.9 5 2.6 7.28 12.1 7 3.3 6.91 12.8 16 5.9 
7.36 12.0 10 3.8 7.14 12.4 10 4.2 6.86 12.9 21 6.7 
7.35 12.0 16 4.5 7.07 12.5 15 5.1 6.88 12.8 26 7.5 
7.34 12.0 21 5.3 7.03 12.6 21 5.9 6.86 12.9 31 8.5 
7.28 12.1 31 6.1 7.06 12.5 17 24.5 6.87 12.9 48 9.3 
7.32 12.1 41 7.1 7.12 12.4 11 25.3 6.97 12.7 23 23.3 
7.31 12.1 18 23.3 7.11 12.4 7 26.2 7.04 12.5 16 24.2 
7.34 12.0 11 24.0 7.14 12.4 4 27.0 7.08 12.5 11 25.0 
7.39 11.9 6 24.8 7.16 12.3 3 27.9 7.09 12.5 6 25.9 
7.41 11.9 4 25.6 7.15 12.3 2 28.8 7.10 12.4 4 26.8 
7.50 11.8 2 26.5 7.13 12.4 1 30.0 7.12 12.4 3 27.6 
7.61 11.6 1 27.7 CaSWy-
2-ov11 
7.12 12.4 0  7.12 12.4 2 28.4 
  7.12 12.4 1 0.8 7.16 12.3 1 30.3 
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Table 12-3. (001) peak center, CO2 pressure, and time at pressure at the outset of the scan for all kinetics 
experiments (see Experiment Design, above, regarding boldface entries and for further discussion) 
Sample 
Center 
(º) 
d(001) 
(Å) 
P(CO2) 
(bar) 
Time 
(hr) 
Sample 
Center 
(º) 
d(001) 
(Å) 
P(CO2) 
(bar) 
Time 
(hr) 
Sample 
Center 
(º) 
d(001) 
(Å) 
P(CO2) 
(bar) 
Time 
(hr) 
 
KMR-ov 
7.85 11.2 0 0.0 
CaMR-
ov 
7.85 11.2 0 0.0 
CaMR-
des 
(cont.) 
5.85 15.1 22 0.0  
7.84 11.3 0 2.0 7.65 11.5 0 2.7 5.89 15.0 8 15.0  
7.69 11.5 2 0.0 7.46 11.8 2 0.0 5.96 14.8 1 0.0  
7.68 11.5 2 2.0 7.40 11.9 2 2.7 5.91 14.9 1 17.5  
7.30 12.1 22 0.0 7.30 12.1 2 5.4 
CaMR-
11 
6.91 12.8 0 0.0  
7.34 12.0 16 4.0 7.28 12.1 2 8.1 6.84 12.9 0 0.7  
7.33 12.0 7 0.0 7.22 12.2 2 10.8 6.72 13.1 6 0.0  
7.32 12.1 3 0.0 7.19 12.3 2 19.6 6.66 13.3 5 0.0  
7.35 12.0 1 96.0 6.88 12.8 23 0.0 6.64 13.3 5 2.7  
KMR-des 
7.77 11.4 0 0.0 6.58 13.4 20 2.7 6.50 13.6 4 5.4  
7.64 11.6 0 3.0 6.66 13.3 18 5.4 6.56 13.5 3 8.1  
7.58 11.6 2 0.0 6.64 13.3 15 8.1 6.50 13.6 3 10.8  
7.52 11.7 2 3.0 6.64 13.3 12 10.8 6.17 14.3 21 0.0  
7.33 12.0 23 0.0 6.73 13.1 9 19.6 6.14 14.4 19 2.7  
7.25 12.2 12 12.0 6.65 13.3 8 0.0 6.12 14.4 17 5.4  
7.31 12.1 3 0.0 6.68 13.2 4 19.6 6.12 14.4 15 8.1  
7.33 12.0 3 3.0 6.69 13.2 1 0.0 6.12 14.4 12 10.8  
7.37 12.0 1 0.0 6.60 13.4 1 19.6 6.12 14.4 10 13.5  
7.40 11.9 1 12.0 
CaMR-
ov2 
6.27 14.1 0 0.0 6.10 14.5 8 18.0  
KMR-11 
8.30 10.6 0 0.0 5.97 14.8 21 0.0 6.13 14.4 7 24.6  
8.20 10.8 0 3.0 6.14 14.4 21 1.0 6.12 14.4 4 42.6  
7.97 11.1 2 0.0 6.20 14.2 21 2.0 6.12 14.4 2 0.0  
7.92 11.1 1 12.0 6.25 14.1 21 3.0 6.10 14.5 1 72.2  
7.37 12.0 22 0.0 6.40 13.8 1 0.0 
CaMR-
33 
5.85 15.1 0 0.0  
7.35 12.0 10 18.0 6.33 13.9 1 16.0 5.86 15.1 0 2.0  
7.35 12.0 3 0.0 
CaMR-
des 
7.03 12.6 0 0.0 5.84 15.1 2 0.0  
7.37 12.0 3 3.0 6.84 12.9 1 0.5 5.85 15.1 2 15.0  
7.47 11.8 1 0.0 6.66 13.3 2 0.5 5.77 15.3 23 0.0  
7.42 11.9 1 18.0 6.50 13.6 2 2.3 5.84 15.1 11 45.5  
KMR-75 
7.21 12.2 0 0.0 6.42 13.8 2 6.0 5.76 15.3 49 0.0  
7.22 12.2 0 3.0 6.36 13.9 2 9.7 5.81 15.2 16 18.0  
7.20 12.3 2 0.0 6.30 14.0 2 13.6 
CaMR-
75 
5.70 15.5 0 0.0  
7.20 12.3 2 3.0 6.24 14.1 2 17.3 5.70 15.5 2 0.0  
7.20 12.3 22 0.0 6.18 14.3 3 0.0 5.71 15.5 2 3.0  
7.22 12.2 6 27.0 6.10 14.5 3 3.7 5.68 15.5 22 0.0  
7.26 12.2 3 0.0 6.08 14.5 3 7.9 5.71 15.5 11 15.0  
7.25 12.2 3 3.0 6.04 14.6 3 11.6 5.74 15.4 3 0.0  
7.27 12.1 1 0.0 6.02 14.7 2 15.3 5.74 15.4 3 3.0  
7.27 12.1 1 18.0 6.02 14.7 2 19.0 5.74 15.4 1 0.0  
 5.98 14.8 3 42.0 5.76 15.3 1 18.0  
12.2.5 Data collection 
Samples were run in the RHPEC at 22-25°C, monitored by a thermocouple in contact with the chamber 
body; pressure conditions were measured with an external digital Heise gauge accurate to ± 0.1% full scale. 
The RHPEC was mounted on the Siemens D5000 diffractometer with a Cu X-ray tube, which was operated 
at 40 kV and 25 mA. Each RHPEC scan used a 0.02 degree step size and a 1.25 or 2 s dwell time, with a 
resulting analysis time between 45 min and 1 hr. The DataScan program (MDI, v. 4.3.355, 2005) was used 
for data collection. These data are given without further processing. (001) peak centers at half maximum 
(d(001) values) were determined from these data. We have discussed these measurements and their 
uncertainty previously (Giesting et al., 2012a). 
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12.3 Results and Discussion 
Diffraction data are given in Figure 12-1 and Figure 12-4. Peak centers, along with experimental 
parameters, are listed in Table 12-2 and Table 12-3. 
 
Figure 12-1. KSWy-2 (short-term experiments) diffraction patterns with CO2 pressure listed for each scan 
and center at half maximum marked. Scans are in time order with the first data collected at the bottom. 
 
Figure 12-2. CaSWy-2 diffraction patterns presented as in Figure 12-1. 
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Figure 12-3. KMR diffraction patterns presented as in Figure 12-1. 
 
Figure 12-4. CaMR diffraction patterns presented as in Figure 12-1. 
12.3.1 Initial material 
Montmorillonite-H2O complexes have been well studied. The hydration of montmorillonite interlayers 
involves the intercalation of discrete quantities of H2O groups, and a series of characteristic layer-to-layer 
spacings results (Ferrage et al., 2005; Giesting et al., 2012a; MacEwan and Wilson, 1984). Our initial 
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diffraction data (before exposure to CO2) for each sample fit this hydration model and indicate disordered 
layer spacings for all samples with intermediate hydration states. In some cases, the observed diffraction 
patterns for starting material do not match those of (Ferrage et al., 2005) for the same relative humidity. 
The initial hydration state of these samples is likely not the equilibrium value for their storage conditions 
owing to brief exposure to the laboratory atmosphere. 
12.3.2 Effect of CO2 exposure: short-term samples 
In earlier work, we examined the effect of CO2 exposure on Na-exchanged montmorillonite (Giesting et al., 
2012a) and found that samples dominated by 0W or 1W interlayers had essentially unchanged XRD 
patterns when exposed to CO2. In contrast, samples with significant quantities of both 0W and 1W 
interlayers expanded under CO2. The short-term experiments with K-exchanged montmorillonite behaved 
similarly, with the main exception being that the maximum observed spacing for the K samples was lower. 
The K maximum was 12.1-12.2 Å compared to the Na maximum of ~12.5 Å for samples that did not contain 
a significant number of 2W interlayers in the initial material. This behavior correlates with the generally 
lower d(001) of hydrated K-exchanged montmorillonite compared to Na-exchanged montmorillonite at the 
same relative humidity (Ferrage et al., 2005). 
Ca-exchanged montmorillonite has a different hydration behavior than Na- and K-exchanged materials: at a 
given relative humidity, Ca-exchanged montmorillonite has a greater d(001) value (Ferrage et al., 2005). 
This is attributed to the higher charge density Ca2+ cations, which more strongly attract the polar H2O 
groups. Ca-exchanged montmorillonite expands upon exposure to CO2 similarly to Na-exchanged and K-
exchanged montmorillonite. The short-term experiments using Ca-exchanged samples all had initial d(001) 
≤ 12.5 Å and these samples expanded to a maximum of 13.0 Å, with no observed barrier to expansion near 
the 1W value as with Na- and K-exchanged samples. 
For short-term experiments, Na- (Giesting et al., 2012a), K-, and Ca-exchanged samples showed significant 
reversal of CO2-induced expansion when the CO2 pressure was released. This is shown in Figure 12-5ab, 
where the crosses showing reversal represent comparable magnitudes to the circles showing the initial 
expansion. In most cases the reversal was incomplete, which may be related to intercalation of CO2 into the 
interlayers that is not reversed after pressure is reduced to 1 bar, but may also be related to the presence 
of small amounts of water on experimental components at the outset of the experiment being delivered to 
the clay and remaining there. In other cases the d(001) values decreased below their initial values, showing 
that some H2O was removed from the particles during the course of the experimental cycle. For KSWy-2-33 
and KSWy-2-55, we attribute this to the sample being at a nearly saturated 1W state at the outset, 
experienced no CO2-related swelling, and instead lost a little H2O during exposure to dry CO2. For CaSWy-2-
ov11 and CaSWy-2-75, these samples appear to be more desiccated by the higher maximum CO2 pressures 
to which they were subjected compared to CaSWy-2-ov and CaSWy-2-33. 
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Figure 12-5. Change in d(001) for each sample studied. Circles: net change in d(001) from initial value to 
value at maximum CO2 pressure (or the next scan if higher). Crosses: net change in d(001) from value at 
maximum pressure to end of experiment. 
12.3.3 Kinetics experiments 
The KMR results (Figure 12-3, Table 12-3) are consistent with the KSWy-2 - CO2 reaction occurring over 
relatively short timescales. Maintaining the clay samples at low CO2 pressures does not produce greater 
than 0.2 Å expansion over time, and the uncertainty in determining peak positions is similar in magnitude. 
However, these samples show less change in the d(001) value after the CO2 pressure is released, in contrast 
to the short-term experiments with KSWy-2 and NaSWy-2 samples. This is shown in Figure 12-5c, where the 
circles showing initial expansion of samples under CO2 are further away from the zero line than the crosses 
showing the magnitude of the reverse reaction. These results suggest that there is a reorganization of the 
interlayer contents in these clays over time that increases the stability of the clay-CO2 intercalate. 
The CaMR-ov2, CaMR-des, CaMR-33, and CaMR-75 results suggest that the 15-15.5 Å layer spacing, the 
same spacing as 2W hydrated interlayers, appears to be a limiting value for the CaSWy-2-CO2 intercalate 
much like the 12-12.5 Å spacing is a limit for the NaSWy-217 and KSWy-2 intercalates. 
The CaMR samples show a sluggish forward reaction (Figure 12-4, Table 12-3), in contrast to the KMR 
samples. Expansion begins at low CO2 pressures and continues over a period of hours. For the CaMR-ov 
sample, expansion continued slowly even as pressure was raised to its maximum and then lowered. For the 
CaMR-des sample, at only 3 bars of CO2, expansion of 2.5 Å occurred. Over the timescales studied, 
significant reversal of the reaction was not observed (crosses compared to circles in Figure 12-5d), which is 
identical to the KMR samples. The exception to this was sample CaMR-ov2, where leaks forced the pressure 
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to be repeatedly topped off, probably resulting in loss of interlayer H2O along with leaking CO2, explaining 
why the final d(001) was lower than the initial value. 
Samples KMR-75 and CaMR-75 also had final d(001) values lower than their initial values. We attribute this 
to each sample starting at a saturated 1W or 2W state, experiencing no CO2-related swelling, then losing a 
little H2O during exposure to dry CO2. 
12.3.4 Mechanism of swelling 
CO2 can enter montmorillonite interlayers under the conditions we have studied, depending on the initial 
H2O content of the system. The CO2 may reside in the interlayer as linear molecules or may react with the 
interlayer walls, cations, or H2O groups. Although the CO2 sorption capacity of various clay minerals has 
been studied before (Busch et al., 2008) there was no direct indication given for the place (faces, edges, 
interlayer) or the type of reaction (chemical, physical). At cold conditions, linear CO2 was observed by 
infrared spectroscopy in montmorillonite (Fripiat et al., 1974). Ongoing sorption and neutron diffraction 
studies indicate that CO2 is able to reside in the interlayer spaces as linear molecules (G. Rother, pers. 
comm.). Because clay interlayers have adjacent polar OH groups, negatively charged sheets, and positively 
charged cations, it seems reasonable to consider that reactions consuming nonpolar CO2 in favor of polar 
carbonate groups may occur as well. Because our Na-exchanged montmorillonite work showed that 
interlayer H2O content was an important factor in CO2 intercalation, we proposed a model where H2O and 
CO2 reacted to form polar H2CO3, HCO3
-, or other carbonate groups in the interlayer (Giesting et al., 2012a). 
Our observations with K- and Ca-exchanged montmorillonite are compatible with that model. Further 
experimental studies using, e.g., spectroscopic techniques (Fripiat et al., 1974), as well as molecular 
modeling (Botan et al., 2010; Cole et al., 2010; Peng et al., 2007; Romanov et al., 2010; Yang and Zhang, 
2005), are needed to explore the structural characteristics of smectite-CO2 intercalates and enhance 
understanding of their chemical properties (Giesting et al., 2012a). 
12.3.5 Significance for geological storage of carbon dioxide 
This work shows that the smectite – CO2 – H2O reaction observed for NaSWy-2 (Giesting et al., 2012a) also 
occurs in KSWy-2 and CaSWy-2. Thus, SWy-2 generally swells, not shrinks, upon initial exposure to CO2. 
Swelling may have a variety of effects on the ability of formations to retain CO2. In addition, the absorption 
of CO2 by clays with significant interlayer Ca (and possibly other divalent cations) may enhance the 
mineralization capacity of geological sequestration reservoirs. 
Upon CO2 injection into a reservoir, a plume forms that migrates upwards to the reservoir/seal interface. 
Bulk CO2 will enter the caprock through fractures or faults where the capillary entry pressure is exceeded 
(Chiquet et al., 2007a; Espinoza and Santamarina, 2010; Wollenweber et al., 2010). Supercritical CO2 will 
not contact every particle in the clay-dominated shale matrix, but only particles bordering pathways that 
connect back to the injection point. The transport porosity, i.e., the porosity of these connected pathways 
12. X-ray diffraction study of K- and Ca-exchanged montmorillonites in CO2 atmospheres 
273 | P a g e  
only, is believed to be several orders of magnitude below the total formation porosity (Hildenbrand et al., 
2002). Accessibility of the interior of the shale matrix to CO2 is limited by diffusion (Busch et al., 2008; 
Busch et al., 2010). CO2-induced swelling of some clay particles will restrict CO2 mobility even further by 
closing some of the pathway connections (Likos and Lu, 2006). On the other hand, loss of CO2 containment 
in a reservoir could evolve from the ability of CO2 to dehydrate clay interlayers, which will produce matrix 
shrinkage and desiccation cracking. One consequence could be the creation of transport pathways at the 
caprock/reservoir interface. 
Recent work (Schaef et al., 2012) has considered the effect of CO2 on a similar, but not identical, Ca-
exchanged smectite (STx-1). CaSTx-1 in dehydrated (< 1W), moderately hydrated (~ 2W), and more 
hydrated (> 2W) conditions were reacted with supercritical CO2. In contrast to our experiments, the 
dehydrated samples in that study were subjected to vacuum at the end of the experiments, resulting in 
d(001) returning to the original < 1W value. The moderately hydrated samples were found to dehydrate to 
≤ 1W conditions after being aged under supercritical CO2, which is also in sharp contrast to our results. The 
supercritical CO2 may have been able to dehydrate these samples, whereas the gaseous (i.e., lower 
pressure) CO2 in our experiments was not and instead caused our samples to swell. The more hydrated 
samples were exposed to wet CO2, and these clays swelled to a d(001) comparable to a 3W hydration state, 
in contrast to control samples exposed to N2, where the clay remained near the 2W hydration state. This 
suggests that in the near-field of a sequestration reservoir, freshly injected, anhydrous, high-partial-
pressure CO2 is likely to cause swelling clays to shrink, resulting in microfracturing of the aquifer and any 
part of the caprock where the activity of water declines sufficiently owing to displacement by CO2. In the 
far-field, where the injected CO2 is wet, at lower partial pressure, or both, swelling clays appear likely to 
swell, and this behavior has now been observed for Ca-exchanged clays at a wide range of hydration states 
from just above 0W to above 2W. 
We note that Schaef et al., 2012 state, on the basis of TGA-MS work, that little evidence (a small increase in 
mass 44 baseline between 400 and 600 °C) for metal carbonation was observed. Because they do not state 
a temperature range where decarbonation of their clays was observed, their data do not help clarify CO2-
smectite intercalation reaction mechanisms. Complementary methods such as vibrational spectroscopy 
(Fripiat et al., 1974) are needed to evaluate what configurations (e.g., linear CO2, hydrogen bonded HnCO3, 
metal carbonate complexes) CO2 adopts when it is present within clay structures under a broad range of 
conditions. In addition, we cannot confirm that the montmorillonite-CO2 reaction has reached equilibrium 
in these experiments, only that the reaction rate decreased. Longer timescale experiments and, once a 
kinetics model is developed, chemical simulations are needed to evaluate whether continued clay 
expansion is expected over the lifetime of geological CO2 reservoirs. 
Our work and other high-pressure studies on CO2-smectite reactions (Giesting et al., 2012a; Schaef et al., 
2012) were conducted under hydrostatic conditions. Clay particles that border on pores and are thus under 
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hydrostatic stress will be able to expand as described. Particles embedded in the matrix experience non-
hydrostatic stress fields. Such stress regimes will interact with the directional expansion of swelling clays, 
and microfracturing could result from differential swelling of smectite. Non-hydrostatic stress responses 
were observed in studies on coal interaction with CO2 (Hol and Spiers, submitted for publication; Majewska 
and Zietek, 2007). Further innovation in experimental equipment is needed to address these questions. 
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13 Conclusions and suggestions for future research 
13.1 Main Conclusions 
(1) CBM and CO2-ECBM related sorption processes in coal: A review 
In the last decade a large amount of data has been published characterizing coals from various coal basins 
world-wide for their gas sorption capacity. This research was either related to commercial CBM production 
or to the usage of coal seams as a permanent sink for anthropogenic CO2 emissions. Presently, producing 
methane from coal beds is an attractive option and operations are under way or planned in many coal 
basins around the globe. Gas-in-place determinations using canister desorption tests and CH4 isotherms are 
performed routinely and have provided large datasets for correlating gas transport and sorption properties 
with coal characteristic parameters. In order to address the research performed in the last decades we 
have reviewed the state of research on sorption of gases (CO2, CH4) and water on coal for primary recovery 
of coalbed methane (CBM), secondary recovery by an enhancement with carbon dioxide injection (CO2-
ECBM), and for permanent storage of CO2 in coal seams. This chapter discussed and compared the 
manometric, volumetric and gravimetric methods for recording sorption isotherms and provides an 
uncertainty analysis. Using published datasets and theoretical considerations, water sorption is found to be 
an important mechanisms controlling gas sorption on coal, commonly neglected when focusing on dry coal 
samples only. Most sorption isotherms are still recorded for dry coals, which do not represent in-seam 
conditions, and water present in the coal has a significant control on CBM gas contents and CO2 storage 
potential. When looking at sorption properties as a function of coal rank we find that CO2 and CH4 sorption 
capacities on moisture-equilibrated coals increase with coal rank, while a rather “u-shaped” dependence is 
observed for dry coals with a minimum around 1.1 to 1.3 % VRr.The ratio of CO2/CH4 sorption capacity 
decreases with coal maturity, making it more effective to store CO2 in low-maturity coals.  
(2) Gas saturation and CO2 enhancement potential of coalbed methane reservoirs as a function of depth 
The influence of moisture, temperature, coal rank and differential enthalpy on the methane (CH4) and 
carbon dioxide (CO2) sorption capacity of coals of different rank has been investigated by using high-
pressure sorption isotherms at 303, 318, 333K (CH4) and 318, 333, 348K (CO2), respectively. The variation of 
sorption capacity was studied as a function of burial depth of coal seams by using the corresponding 
Langmuir parameters in combination with a geothermal gradient of 0.03 K/m and a normal hydrostatic 
pressure gradient. Taking the gas content corresponding to 100% gas saturation at maximum burial depth 
as a reference value the theoretical CH4 saturation after uplift of the coal seam was computed as a function 
of depth. According to these calculations the change in sorption capacity caused by changing p, T 
conditions during uplift will lead consistently to oversaturation. Therefore the frequently observed 
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undersaturation of coal seams is most likely related to dismigration (losses into adjacent formations and/or 
atmosphere). Finally we attempt to identify sweet spots for CO2-enhanced coal bed methane production. 
CO2-ECBM is expected to become less effective with increasing depth because the CO2/CH4 sorption 
capacity ratio decreases with increasing temperature and pressure. Furthermore CO2-ECBM efficiency will 
decrease with increasing maturity due to the highest sorption capacity ratio and affinity difference between 
CO2 and CH4 for low mature coals. 
(3) A preliminary evaluation of the CO2 storage potentials in unminable coal seams of the Münster 
Cretaceous Basin, Germany 
The Münster Cretaceous Basin is a synclinal structure containing Upper Cretaceous sediments of local 
thickness exceeding 1700 m, partially covered by Cenozoic deposits. The underlying basement consists of 
deep Carboniferous strata with interbedded hard coal seams. The Cretaceous sequence can be subdivided 
into the Cenomanian-Turonian-Complex, representing a brine aquifer, and the overlying ‘Emscher Mergel’ 
(clayey marl), separating the brine from shallow freshwater aquifers. This geological setting potentially 
offers favourable conditions for geological storage of CO2 by physical sorption in the coal seams below the 
‘Emscher Mergel’ cap rock formation. This storage option could be combined with the production of 
coalbed methane (CBM), by means of application of a CO2-Enhanced Coalbed Methane (ECBM) strategy. A 
potential storage area of 820 km2 has been identified by considering local geological, hydrogeological and 
tectonic settings. This regional study was complemented by the analysis of carbon isotope signatures of CH4 
and CO2 in shallow aquifers and concentration profiles of methane-in-place. Using the Coal Inventory 
Calculation Model (KVB-model) of the Geological Survey (GD) of North Rhine-Westphalia, Germany, coal 
volumes within the study area was estimated to amount to 65x109 metric tons. High-pressure CO2 sorption 
isotherms measured on a selected coal sample at different temperatures were used to estimate the 
sorptive storage capacity of this coal at the pressure and temperature conditions in the seams. Assuming an 
accessibility of 40% of the total coal as well as a methane-in-place recovery efficiency of 80%, a maximum 
CO2 storage potential of 160 million metric tons of CO2 was estimated for the coal seams down to a depth 
of 3000 m. 
(4) High-pressure methane and carbon dioxide sorption on coal and shale samples from the Paraná Basin, 
Brazil 
The potential for coalbed methane production and carbon dioxide storage in coals, carbonaceous shales 
and source rocks of the Paraná Basin in Brazil has been evaluated. On coal and carbonaceous shale samples 
from the Santa Terezinha coalfield and shale samples from two principle petroleum source rocks, high 
pressure sorption tests, using a manometric method, were applied to determine CH4 and CO2 capacities. 
These were found to range from 0.03 to 0.47 mmol/g for CH4 and 0.14 to 0.81 mmol/g for CO2, showing a 
decrease with decreasing organic matter content. From linear regression it was found that CH4 sorption 
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would reach approximately zero, whereas residual CO2 sorption on mineral matter would be ~0.2 mmol/g. 
This concludes that the inorganic content of coal/shale is an important factor in CO2 sorption but rather 
negligible for CH4 sorption. Present day gas contents of coals collected from the first CBM well in the Santa 
Terezinha coalfield represent gas saturations of 0.13–0.38. Carbon dioxide sorption capacities exceeded 
CH4 sorption by a factor between 1.9 and 6.9 for these coals. Free sorption capacities and preferential 
sorption of CO2 could favour CO2-enhanced methane recovery and CO2 storage in coals and shales of the 
study area. Based upon the calculated coal reserves, gas contents and measured sorption capacities, a total 
storage potential of 15.3 Gt CO2 was estimated for an area of 20x40 km in the Santa Terezinha coal field, 
assuming a combined CO2 enhanced coalbed methane (ECBM) production and CO2 storage operation.  
(5) Laboratory experiments on environmental friendly means to improve coalbed methane production by 
carbon dioxide/flue gas injection 
We used scaled in situ laboratory core ﬂooding experiments with CO2, N2 and ﬂue gas in an environmental 
cell on to study the efficiency of ECBM. This addresses the question of what the conditions are under which 
the ﬂuid in the micro pores of the coal is displaced by the CO2 in the presence of competitive adsorption; 
and what the role of compositional heterogeneity and fracture anisotropy of coal is for the injection design 
and the efficiency of CO2 storage in relation to the swelling and shrinkage characteristics of coal. Another 
important question is addressed of how the mobile and the immobile water in the coal will affect the 
exchange process. We attempted to answer these questions by means of downscaled laboratory 
experiments that are capable of accurately describing the coupled process of multiphase ﬂow, competitive 
adsorption and geo-mechanics. It is shown that CO2 has a better sweep efficiency compared to flue gas 
(mainly composed of N2 and CO2) and that dewatering will be an essential step for successful ECBM 
combined with a CO2 sequestration process. 
(6) Predicting capillarity of mudrocks 
Various rock types on 214 samples were investigated, with the main focus on the determination and 
prediction of the capillary breakthrough and snap-off pressure in mudrocks (e.g. shales, siltstones, 
mudstones). Knowledge about these two critical pressures is important for both, the prediction of the 
capillary sealing capacity of natural gas reservoirs or CO2 storage sites, but also for production estimates 
from tight gas or shale gas plays. Capillary pressure experiments, when performed on low-permeability 
core plugs, are difficult and time consuming. Therefore, mercury porosimetry measurements (MIP), known 
for being quick and easy to conduct, are preferably used in the industry to determine an equivalent value 
for the capillary breakthrough pressure. When evaluating the database in detail we find that (1) MIP data 
plot well with the drainage breakthrough pressures determined on sample plugs, while the conversion of 
the system Hg/air to gas/brine (e.g. CH4, CO2) using interfacial and wettability data does not provide a 
uniform match, potentially caused by non fully water-wet conditions; (2) brine permeability versus capillary 
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breakthrough pressure determined on sample plugs shows a good match and could provide a first estimate 
of Pc-values since permeability is easier to determine than capillary breakthrough pressures on shale plugs. 
For imbibition snap-off pressures a good correlation was found for CH4 measured on sample plugs only; (3) 
porosity shows a fairly good correlation with permeability for sandstone only, and with plug-derived 
capillary breakthrough pressures for sandstones, carbonates and evaporates. No such correlations exist for 
mudrocks; (4) air and brine-derived permeabilities show an excellent correlation and (5) from the data used 
we do not infer any direct correlations between specific surface area (SSA), mineralogy or organic carbon 
content with permeability or capillary pressure however were able to predict permeabilities using a more 
sophisticated model that relies on several of these parameters. It is further shown that uncertainties in 
contact angles in the system water/CO2/rock, deviating from perfectly water-wetting conditions, might be a 
reason for discrepancies between CO2-plug and MIP data and this should be the focus for future research. 
(7) The Significance of Caprock Sealing Integrity for CO2 Storage 
The safe long-term storage of gas/CO2 in spatially limited underground volumes requires the combination 
of a structural trap with intact structural integrity and a suitable low permeability caprock (seal). The 
occurrence of natural gas reservoirs proves that certain lithotypes do provide efficient seals which can 
prevent leakage of gas to the atmosphere over long geological time periods (millions of years). In order to 
assess the risk of CO2 leakage through caprocks on top of potential storage sites to the surface one has to 
consider both, the present sealing capacity of the rock and its likelihood to alter in contact with CO2. We 
provided an overview of mechanisms affecting sealing integrity of intact (non-fractured/faulted) caprocks. 
Although certain caprocks can be suitable for hydrocarbons over geological time periods, CO2 in contact 
with the seal may pose additional risks. Depending on the lithofacies and the amount of reactive mineral 
species, CO2/water/rock interactions might alter the caprock, physical adsorption on organic matter or 
mineral surfaces will affect sealing integrity and interfacial properties will affect capillary entry and fluid 
transport behaviour. In summary, leakage by diffusion is not considered of concern and rather can be 
envisioned to be the rate-determining mechanism for mineral reactions. Capillary leakage can be significant 
in terms of flow rate after capillary entry pressure is exceeded. This might not be significant for depleted oil 
and gas reservoirs where reservoir pressurization after CO2 injection should be below the original reservoir 
pressure. However for saline aquifers this might become an important factor. CO2 sorption on clay mineral 
surfaces and its implication for caprock sealing efficiency has been reported; potential clay mineral 
swelling, if proven to occur, may either increase or impair the seal capacity. Information on fault leakage 
has limitations when obtained from lab measurements and should be derived from natural CO2 analogues. 
Natural leakage rates range from 101 to 10-4 t CO2/yr/m
2 but many reported values are not representative 
for a real-case CO2 storage scenario and fluxes measured at the surface represent only the lower limits of 
CO2 amounts escaped from the reservoir. 
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(8) Experimental investigation of the CO2 sealing efficiency of caprocks 
Using a combination of experimental (petrophysical and mineralogical) methods, the effects of high-
pressure CO2 exposure on ﬂuid transport properties and mineralogical composition of two politic caprocks, 
a limestone and a clay-rich marl lithotype have been studied. Single and multiphase permeability tests, gas 
breakthrough and diffusion experiments were conducted under in situ p/T conditions on cylindrical plugs 
(28.5 mm diameter, 10–20 mm thickness). The capillary CO2 sealing efﬁciency of the initially water-
saturated sample plugs was found to decrease in repetitive gas breakthrough experiments on the same 
sample from 0.74 to 0.41 MPa for the limestone and from 0.64 to 0.43 MPa for the marl. Helium 
breakthrough experiments before and after the CO2 tests showed a decrease in capillary threshold (snap-
off) pressure from 1.81 to 0.62 MPa for the limestone. Repetitive CO2 diffusion experiments on the 
marlstone revealed an increase in the effective diffusion coefﬁcient from 7.8x1011 to 1.2x1010 m2 s-1. Single-
phase (water) permeability coefficients derived from steady-state permeability tests ranged between 7 and 
56 nano-Darcy and showed a consistent increase after each CO2 test cycle. Effective gas permeabilities 
were generally one order of magnitude lower than water permeabilities and exhibit the same trend. XRD 
measurements performed before and after exposure to CO2 did not reveal any distinct change in the 
mineral composition for both samples. Similarly, no significant changes were observed in speciﬁc surface 
areas (determined by BET) and pore-size distributions (determined by mercury injection porosimetry). 
High-pressure CO2 sorption experiments on powdered samples revealed significant CO2 sorption capacities 
of 0.27 and 0.14 mmol/g for the marlstone and the limestone, respectively. The changes in transport 
parameters in the absence of detectable mineral alterations may be explained by carbonate dissolution and 
further reprecipitation along a pH proﬁle across the sample plug which would not be subject to quantitative 
mineral alteration. 
(9) Carbon dioxide storage potential of shale 
Diffusive transport and gas sorption experiments on one well characterised shale sample (Muderong Shale, 
Australia) and different clay minerals were performed to obtain information on the sealing integrity and the 
CO2 storage potential of these materials. All measurements were performed under reservoir conditions 
relevant for CO2 storage (T=45-50°C; p <20 MPa). Repeat diffusion experiments on one shale plug yielded 
slightly increased effective diffusion coefficients and a decrease in the concentration of the bulk CO2 
volume in the sample. The latter is believed to be dissolved in formation water, sorbed to mineral surfaces 
or involved with geochemical reactions. For the Muderong Shale, bulk volume CO2 concentrations are 
greater within the experimental time frame (222-389 mol/m³), when compared to coal and cemented 
sandstone (3-4 and 8-10 mol/m3), respectively. This high CO2 storage potential could not fully be explained 
by CO2 dissolution in water alone. Thus, gas sorption experiments were performed on crushed shale and 
various clay minerals. High CO2 sorption capacities (e.g., up to 1 mmol/g for the Muderong Shale) show that 
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the high CO2 concentration is related to a combination of CO2 dissolution in water and gas sorption on clay 
minerals. Additionally, changes in specific surface areas before and after the sorption experiments and 
variations in the CO2 sorption and diffusion behaviour due to repetitive experiments on the identical 
sample were observed, possibly related to geochemical alteration of the Muderong Shale and the clay 
minerals. These could not be quantified however and seemed to occur only at high pressures. This 
concludes that carbon dioxide that migrates from a storage reservoir into the cap rock through the pore 
network will be immobilised to a certain extent, hence minimising (slow, diffusion-driven) leakage and 
providing additional CO2 storage potential. 
(10) Interaction of carbon dioxide with Na-exchanged montmorillonite at pressures to 640 bars: 
Implications for CO2 sequestration 
Na-exchanged montmorillonite forms an intercalate with CO2 under the conditions p(CO2) ≤ 640 bars, T = 
24-47°C, as shown by experiments in high-pressure environmental chambers using powder X-ray diffraction 
techniques. The intercalation of CO2 depends on the initial H2O content between the silicate layers of 
montmorillonite, i.e., expansion occurs where the initial d(001) value suggests some H2O molecules in the 
interlayer (≥ 10 Å); if the interlayer is occupied by one layer of H2O (~ 12.5 Å) no expansion is observed. 
Maximum expansion, to ~12.3 Å, occurred in a sample with an initial d(001) of approximately 11.0 Å at 
p(CO2) = 57 bars. The CO2 intercalate is identified by an increase in the montmorillonite d(001) value and a 
change in peak shape. The formation of the CO2 intercalate is complete by ~50 bars; increasing p(CO2) from 
50 to 640 bars does not result in further increases of d(001). Thus, Na-exchanged SWy-2 structure expands 
by approximately 10% with increasing p(CO2) to ~ 50 bars at 45 
oC where small amounts of H2O are present 
in the interlayer. Previous workers suggested that the introduction of CO2 into sediment would result in 
volume reduction caused by the dehydration of montmorillonite. This may not be the dominant behavior of 
montmorillonite at low H2O contents because of CO2-induced expansion of swelling clays. Thus, in a 
smectite-rich cap rock or reservoir formation selected for carbon storage, the capability of the system to 
hydrodynamically trap CO2 may be significantly altered by the very presence of CO2. For example, 
reductions in pore throat size may impede CO2 and other fluid flow through the system.  
(11) X-ray diffraction study of K- and Ca-exchanged montmorillonites in CO2 atmospheres 
Powder X-ray diffraction shows that K- and Ca-exchanged montmorillonites swell upon interacting with CO2 
at ambient temperatures, depending on their initial hydration state. K-exchanged montmorillonite swells 
rapidly to a maximum d(001) of ~12.2 Å. In contrast, Ca-exchanged montmorillonite swells more slowly, but 
reaches a maximum d(001) of ~15.1 Å. Reaction kinetics differ significantly between the K- and Ca-
exchanged montmorillonite complexes. Expansion of K-exchanged montmorillonite samples was rapid, 
occurring on timescales of tens of minutes or less. The Ca-exchanged montmorillonite samples continued 
to expand over periods up to 42 hours. Aging of both K- and Ca-exchanged montmorillonite complexes at 
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elevated CO2 pressure for 1-2 days resulted in greater stability when CO2 pressure was released. The 
observed intercalation reactions have important consequences for carbon sequestration: (1) CO2 
absorption by swelling clays may represent a significant pathway for storage of CO2. (2) The swelling of 
smectites under CO2 pressure may have a significant impact on the permeability of caprock formations. 
13.2 Implications for future research 
13.2.1 (CO2-enhanced) coalbed methane production 
Tremendous research efforts have been invested into the development of CO2-ECBM worldwide and 
several large research and field demonstration projects have been planned and successfully conducted to 
better understand principles and potentials of this technology. In general CO2-ECBM did not yet exceed the 
demonstration stage within Europe, USA, Japan, China and Australia, and is mainly considered as not 
economic and technically difficult. An exception might be China where several field projects are ongoing, 
with however a difficult to estimate future outcome. 
In the past this technology was considered favourable because of the more beneficial economics due to 
potentially increased CBM production, lowering the already high costs of this technology. Another 
argument is that coal-bearing formations are usually close to CO2 point sources like coal-fired power plants 
which potentially lower CO2 transportation costs from the source to the storage site. Technical reasons of 
not becoming a success story relate to low storage potentials on the one hand, because the already low 
permeability of the coal formations will decrease even further due to coal swelling following CO2 sorption. 
On the other hand CBM operators are not in favour of diluting their coal seam gases with CO2 and since 
many coal seams are at relatively shallow depth (e.g. 500 to 1000 m) there are concerns that injected CO2 
might be leaking to the surface. Drilling costs are also considered to be high since well spacing needs to be 
narrow to account for the low permeabilities. Finally, CBM production, as one of the unconventional gas 
production technologies, is lacking public acceptance in many parts of the world. 
Apart from the limitations for ECBM, primary production of CBM is ongoing and rates are generally 
increasing, s. Figure 1-9 as an example for the USA. A booming marked has developed in Australia lately and 
China is picking up quickly. Business enablers are certainly coal seams at relatively shallow depth, maybe 
around 500 m, with reduced drilling costs and potentially “high” permeabilities (1-10 mD). Especially 
Permian (“Gondwana”) to be more favourable compared to the Permo-Carboniferous coal seems as 
illustrated in Figure 13-1, showing the methane Langmuir volume as a function of coal maturity. 
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Figure 13-1. Methane Langmuir volume of worldwide coals as a function of coal maturity. Data for different 
ages of coal deposition is shown where Permian coals originate from continents of the Southern Hemisphere 
(Australia, Brazil, India) and Permo-Carboniferous coals rather represent coal basins from the Northern 
Hemisphere (Central Europe, USA). Jurassic and Cretaceous coal seams occur all over the globe (unpublished 
data, Andreas Busch, 2013). 
In general coal-gas interaction is well understood both, from a field development perspective and from 
laboratory principles. Many European, US and Australian governmental research studies, also with a focus 
on CO2-ECBM, have generated a large research output, focusing on sorption capacities and further refining 
the measurement methodologies, coal swelling following gas sorption on coal, changes in permeability 
following coal swelling (or shrinkage) and associated poro-elastic effects. Various models have been 
developed to account for these properties and effort was put into the characterization of the coal pore 
system, using all kind of different analytical methods. Not many questions remain unsolved and generally a 
good understanding is created on chances and limitations of CBM and CO2-ECBM. There are however 
several aspects that are recommended for future research: 
• Sweet-spotting: Several authors have made an attempt to predict preferable temperate and 
pressure (depth) conditions or coal ranks for either CBM or ECBM production (e.g. Bustin and 
Bustin, 2008; Gensterblum et al., accepted; Hildenbrand et al., 2006). While these studies clearly 
show preferable conditions they are based on certain assumptions. The study of one particular coal 
basin, using present-day gas saturations of the coal seams at varying depth would help further 
constrain these concepts. Also, sweet-spotting for permeability might be considered. What are 
controlling factors? What are the most favourable coal types, ages etc.? Can we detect high-
permeability areas using geophysical methods or detailed rock mechanics studies and are there 
parts of the coal basin with the cleat system being rather mineralized by e.g. carbonate or rather 
open for flow? All these points seem to be valid for shale gas production too. 
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• Competitive gas adsorption: While many studies have focused on single component CH4, CO2, N2 
gas adsorption, only limited studies became available related to gas mixtures. It should be 
mentioned that these measurements are extremely difficult to perform, relying on sophisticated 
equipment calibration. While some studies show that CO2 is always preferentially sorbed under 
equilibrium conditions compared to CH4 (e.g. Fitzgerald et al., 2005; Ottiger et al., 2008), other 
studies indicate that this is not the case, especially under non-equilibrium conditions (Busch et al., 
2006). The kinetics and equilibrium conditions of this competitive adsorption should be 
investigated in more detail. 
• Permeability/stress relationships: Permeability is critical in producing a CBM field and besides 
connectivity of the coal cleat system and mineralization within the cleats itself, the permeability 
evolution during the time frame of production depends on the stress field. From a laboratory 
perspective this is a difficult topic since most triaxial setups cannot independently set stresses in 
the two horizontal and the vertical direction. If a true triaxial setup is available, sample availability 
can be an issue since mostly block coals of larger diameter are needed. 
• Gas sorption under confined stress conditions: One study has demonstrated that with an increase 
in confining stress the CO2 sorption capacity of coal decreases significantly (Hol et al., 2010a). It is 
highly recommended to follow up on this finding, especially with regards to methane. Conclusions 
of this observation would be a complete misinterpretation of gas saturation in any reservoir where 
gas adsorption is one of the storage mechanisms (coal, shale). Adsorption measurements on coal 
sample powders are typically done under hydrostatic pressure conditions and, following the study 
of Hol et al. (2010), results from these tests would consistently underestimate gas saturations in 
coal seams. Therefore an in-depth study of this topic is recommended, relying on some 
sophisticated experimental setup development. 
• Water in coal: The influence of water on gas saturation is probably one of the least understood 
aspects in coal seams. It is found that in water-saturated coals, the gas sorption capacity is more or 
less limited to the meso-porosity. The reason is that micropores, having the largest surface area 
and therefore sorption sites, are blocked by water molecules (Prinz and Littke, 2005; Prinz et al., 
2004). Therefore a considerable part of the gas in micropores might be blocked and will be difficult 
to produce, its content depends on coal rank as micro and mesopore surface area depends on coal 
rank (Prinz and Littke, 2005; Prinz et al., 2004). An open question would be the dynamics of this 
water content, specifically in the micro/mesopores system. Will it become mobile or not? Will gas 
production increase when this water becomes mobile or not? 
This is just a short list of topics that would require some more focus according to the author, it is no 
considered to be complete and other researchers will come up with a different list or with different 
priorities. 
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13.2.2 Mudrocks as flow barrier for CO2 storage reservoirs or reservoir for unconventional gas 
Shale is probably the least understood reservoir rock for oil and gas production there is, simply because the 
study of this rock has little history. In the past, focus was more on sandstone and carbonate as conventional 
reservoirs and shale formations have hardly been cored for standard laboratory testing. For understanding 
this material in terms of flow and gas sorption capacity, there are similarities for both, CO2 storage and 
shale gas. Within the focus area of this thesis, future research efforts should be concentrated to: 
• Terminology: Permeability and porosity are usually given without providing further details on the 
method and the test fluid. It is obvious that different methods will result in different values for 
these two parameters and research should focus on a better understanding of what method/fluid is 
determining what value; for instance, mercury porosimetry, He-pycnometry or the Archimedes 
porosity will determine different porosity values that will all have a different relevance. A 
systematic comparison of these values is recommended and an evaluation should be done for the 
respective relevance of these values. 
• Two-phase flow in tight rocks: There are limited studies reporting effective permeabilities for tight 
rocks, like mudrocks or siltstones. These however have not been reported as a function of water 
saturation. The reason is that it is very difficult to have a good control on water saturation in tight 
rocks because of its limited mobility under reasonable capillary pressures of <1 MPa and the 
limitation that currently exist using micro-CT techniques to resolve water saturations the pore 
space of such materials. 
• Capillary entry pressures in mudrocks: Some data has been published on capillary breakthrough 
and snap-off pressures in mudrocks, as reported in chapter 7 but convincing correlations to other 
rock physical parameters seem to be missing. A recent study has shown that for almost identical 
shale plugs large differences have been determined in terms of permeability and capillary pressures 
(Amann-Hildenbrand et al., 2013). Reasons are unclear and might either be sample heterogeneity 
or stress unloading/dehydration related formation of microfractures acting as preferred pathways 
for gas flow. Similarly, Harrington et al., 2012 have shown that gas finds preferred pathways from 
co-injecting nanoparticles with the test gas and observing its distribution with CT methods. 
Dilatancy-controlled gas flow might be the reason, rather than capillarity. These findings seem to 
limit the upscaling of plug derived capillarity data to entire formations however more systematic 
research is needed to narrow down effects and consequences. 
• Dilatancy-controlled gas flow: This transport mechanism is of importance for mudrocks with low 
tensile strength (like immature shales, Marschall et al., 2005). Clay-rich rock cannot withstand long-
term gas pressures with a magnitude greater than the minimum principal stress acting on the rock 
mass. The process of gas-driven microfracturing leads to an increase of the pore space, which is 
accompanied by a detectable increase in intrinsic permeability and a change in the capillary 
pressure-saturation relationship. This phenomenon is important for shale gas operations but also 
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for the sealing integrity of caprocks above CO2 reservoirs. While many researchers currently do pick 
up this topic, the principles and risks (CO2 storage) or opportunities (shale gas) need to be 
understood in more detail. 
• Sorption on organic matter versus clay minerals: We know that significant amounts of CO2 is able to 
adsorb on clay minerals, making them a perfect sink for immobilising it, hence decreasing reservoir 
pressure in a storage reservoir. It has also been shown that the uptake kinetics is rapid under 
laboratory conditions and much more rapid than on organic material like coal. Further, it is 
demonstrated that methane can adsorb on clays, however at much lower quantities compared to 
carbon dioxide (Liu et al., 2013). The individual contribution of the methane adsorption capacity on 
the clays compared to organic matter needs to be evaluated in more detail for more sophisticated 
production estimates. One would expect some rapid production of adsorbed methane from clays, 
followed by some delayed production from the organic matter. Reasons are that gas is mainly 
adsorbed in the mesopores between clay platelets that are much better connected than the very 
small micropores in organic material where most of the gas is adsorbed. This indicates differences 
in desorption kinetics that need to be understood in more detail. 
• CO2 intercalation in swelling clays: It is known that CO2 intercalates the interlayer space of swelling 
clays from the work presented here and that clays in general have a significant CO2 adsorption 
capacity. While exact mechanisms remain unexplored, the consequences need to be understood in 
sufficient more detail. What are the swelling stresses generated and what is the impact on 
fractures and faults in the subsurface? Is this process rather closing natural transport pathways, 
hence reducing permeability; or is there a possibility to activate fault plains when sufficient area of 
the fault plane is affected?  
• CO2 enhanced shale gas production: Some studies have addressed this already and it is a valid 
enhancement technology to consider, similar to CO2-ECBM. While the gas exchange mechanisms in 
coal is insufficiently understood, the understanding is even less for shales and goes back to the 
previous point on adsorption mechanisms in shales. This is a completely open field for research in 
the future once considered favourable under any conditions. 
• Mechanical stress: Many of the parameters discussed here, like fluid transport and adsorption 
would be affected by mechanical stress. It is known that permeability depends on effective stress 
and with increasing stress, the pore space is decreased, leading to reduced permeability. Similarly, 
and as already noted for coal, it has been documented in the past that a change in effective stress 
will also impact sorption capacity to an extend we presently do not sufficiently understand. 
• Alteration of mudrocks: Little is known about the long-term alteration of clay-rich mudrocks in 
contact with dry and wet CO2 or CO2-saturated brines. Some studies indicated that wettability of 
some minerals in contact with dry or wet CO2 change from perfectly water-wet towards mixed-wet 
conditions with potential consequences for the capillary sealing efficiency of shales. This data is 
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inferred from laboratory measurements, performed under short time scales of maybe hours or 
days and no information is available on wettability changes over time periods of months or years, 
relevant for CO2 storage. Also, the chemical alteration (dissolution/precipitation) of shale 
formations is not adequately covered from reported studies. There are some studies that indicate 
changes in flow properties, however rather within the experimental uncertainty (e.g. Busch et al., 
2008; Wollenweber et al., 2010); other studies again, using a larger dataset, do not seem to confirm 
this behaviour (e.g. Amann-Hildenbrand et al., in press). One study reported an increase in 
permeability of around one order of magnitude, however is lacking verification and detailed 
discussion of the results (Armitage et al., 2013). This is an area of further research however also an 
area that requires sufficient laboratory time accounting for the slow reaction rates between tight 
rocks such as shales and carbonated brine.  
• Drying-out (desiccation) of caprocks: CO2 is known to take up water in the order of 1-2 vol-%, 
potentially leading to a dehydration process and dehydration cracking at the reservoir/seal 
interface or around an leaking annulus in the wellbore. While the mechanism is straightforward, 
time scales or kinetics of it are not and will certainly depend on size of the pore space, saturation of 
the CO2 plume with water and the contact area between the CO2 plume and the seal. This is critical 
since dehydration cracks could extend into the seal and potentially altering its ability to act as a 
suitable barrier for leakage. 
These are only few topics that might require improved understanding and it was not the intention to 
provide a complete list. Also, this is not a priority list since priorities are different for different perspectives 
at the topic and moreover, priorities do change with an improved understanding of the overall topic. 
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